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ABSTRACT
Photodetectors based various nanostructures and plasmon enhanced solar cells are
investigated in this dissertation. The motivation of the dissertation rise is driven by urgent need
of both high efficiency photodetectors and solar cells.
First, quantum dot infrared photodetectors have been intensely investigated due to their
promise in high performance photodetectors. However, the strain-driven growth of quantum dots
has hindered the progress of quantum dot photodetectors. The presence of strain in the device
presents complexity in designing as well as defects. Therefore, in this project, new designs of
quantum dot photodetector structures are presented to improve the control over detection
wavelength. Moreover, strain-free nanomaterials are incorporated in the photodetectors for the
first time in order to replace conventional strained quantum dots. By using the novel designs and
nanomaterials, multicolor photodetector has been demonstrated. Based on these studies, high
efficiency photodetectors may be achieved.
Second, the increasing energy consumption of limited natural energy resources has
brought urgent requirement of sustainable and renewable energy resources. Solar energy directly
from the Sun is promising in solving current energy crisis. In order to serve as a primary energy
source, solar energy has to be harvested efficiently and be cost effective. Therefore, increasing
the conversation efficiency beyond current technologies is high priority in current photovoltaics
field. In this project, surface plasmonic effects are investigated for possible application in high
efficiency quantum dot solar cells. Quantum dots have been widely used to implement high
efficiency intermediate band solar cells. Due to the low absorption in quantum dots, the
performance of quantum dot solar cells has been unsatisfying. In this dissertation, potential
applications of surface plasmon in implement of intermediate band solar cell are experimentally

studied. Significantly, overall conversion efficiency of quantum dot solar cell has been improved
for over 2%. More importantly, further enhancement is expected after optimization of design of
plasmonic quantum dot solar cells. This dissertation provides a way to effectively harvest the
solar energy in the infrared wavelength region.
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1. INTRODUCTION
For the last two decades, nanoscience and nanotechnology have demonstrated rapid
developments and made revolutionary contributions in many fields including electronics,
optoelectronics, chemistry, and biology [1-5]. Semiconductor nanomaterials, including
nanowires, quantum dots (QDs), quantum rings (QRs), quantum molecules, nanotubes, have
been under intensive research in nanoscience and nanotechnology due to their applications
numerous areas [6-10]. The interests in semiconductor nanomaterials are not only driven by the
requirement of high level integration in today’s integrated circuits but also by their unique
properties which can either lead to high performance of existing devices or create new types of
devices and applications.
Semiconductor nanomaterials

possess

built-in

mechanisms

for potential

high

performance optoelectronic devices and exhibit unique properties superior to those of their bulk
counterparts, due to surface effect, quantum size effect, quantum tunneling effect, etc [11].
Zero-dimensional semiconductor nanostructures, such as QDs, have been widely studied and
applied to optoelectronic devices, including detectors and photovoltaic cells. Since the 1990s,
QDs have been applied to photodetectors and solar cells. These quantum-confined
nanostructures, such as quantum dots, have been widely investigated to enhance the performance
of electronic and optoelectronic devices by using such materials as the active region.
On one hand, great efforts have been devoted to photodetectors and significant
improvements have been continually reported, but the low efficiency of the QD photodetectors
undermines the promising of QDs. On the other hand, QD based solar cells have also attracted
lots of attention for achieve high efficiency solar cells and, however, the work to apply QD to
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photovoltaic devices has been preliminary and require further investigations. In this project, the
QD based multicolor photodetectors as well as solar cells have been investigated. Designing
novel device structure provides the potential of achieving multicolor detection in QD
photodetectors and high efficiency in QD solar cells. The morphological counterparts of QDs,
QRs and quantum dot pairs (QDPs) have also been fabricated in order to remove the strain the
devices. With strain free nanostructures, the defects generated by accumulated strain can be
removed and the performance of optoelectronic devices is expected to be improved.
Moreover, metallic nanostructures coupling with semiconductor nanomaterials are
investigated in this dissertation. These metallic nanoparticles generate surface plasmons after
being excited by incident light. The fascinating properties of surface plasmon show great
potential in advancing techniques in various fields, such as optical integrated circuits, biosensing, photovoltaics, and data storage [12]. The coupling of metallic nanoparticles to quantum
dots to enable optical properties and device performance are presented in this dissertation.
In the remainder of this chapter, the basics of IR detectors are discussed, and current
progress of photodetectors based on nanomaterials is reviewed. A general introduction on
approaches commonly adopted for high performance photodetectors are also given in this
chapter. In the following section, general principles of solar cells are presented. In the end of the
chapter, the basics of surface plasmon are introduced. An overview of the rest of the dissertation
is following:
Chapter 2 is dedicated to introduce experimental methods and tools used in this
dissertation.
In Chapter 3, photodetectors are discussed. Each section in this chapter focuses on a
different design of photodetectors based on nanostructures.
2

Chapter 4 discusses plasmonic effects on nanomaterials and photovoltaic devices. This
chapter mainly consists of two parts. In the first part, the surface plasmon enhanced
photoluminescence will be discussed. In the second part, surface plasmon enhance solar cell will
be investigated.
Finally, in Chapter 5, the contribution of this research project is concluded and future
work is suggested.

1.1 Basics of Infrared Detectors

1.1.1

Electromagnetic Spectrum and Infrared Light
Figure 1.1 shows the electromagnetic spectrum with a general classification scheme.

Even though the electromagnetic spectrum is infinite, a spectrum range human beings mostly
interact with ranges from Gamma ray to radio waves. There is no standard division and clear
border for different regions of the spectrum, but a typical division classification scheme is
adopted in this dissertation, as shown in Figure 1.1. While detections of any frequency range
from Gamma ray to radio frequency can find contain applications in practical lives, the most
interested spectrum lies in the infrared (IR) region. As shown in Figure 1.1, the infrared region
can be further divided into four sub-bands: (1) Near-infrared (NIR) (0.75 µm – 3.0 µm); Mid
wavelength infrared (MWIR) (3.0 µm – 6.0 µm); Long wavelength infrared (LWIR) (6.0 µm –
15 µm); Far infrared (FIR) (15 µm – 1 mm) [14]. The IR light detection is important for several
reasons and one of major reasons is that most objects emit some portion of infrared light. In the
beginning of the twentieth century, Max Plank has shown the radiation characteristics of an ideal
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blackbody as a function of temperature T and wavelength of emitted energy λ , which is called
Plank’s law [13]. The spectral radiation of a blackbody can be written as a function of T and λ :

M T ,λ =

2π hc 2

λ

5

1
[W / cm 2 ⋅ µ m]
exp(hc / λ kT ) − 1

where h is the Plank’s constant, k is Boltzmann’s constant, and c is the speed of light in
vacuum [14]. From Plank’s law, objects within a wide temperature range, from cryogenic
temperatures to few thousand Kelvins, emit a rather large portion of IR light, which is plotted in
Figure 1.2.

Figure 1.1 The electromagnetic spectrum from 10-12 – 103 m and a division scheme of the
spectrum. The division scheme data is from reference [14].
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Figure 1.2 Blackbody radiation exitance as a function of wavelength at different temperatures.
The dash line is the plot of the wavelength at the maximum spectral radiant exitance as a
function of temperature.

Another reason why the IR radiation detection is one of the most important technologies
in light detection is that there are two important transmission windows in atmosphere at IR
spectral region, which are ~3 to ~5 µm (MWIR) and ~8 to ~14 µm (LWIR) bands. As a result,
infrared detectors can find numerous applications, including industry, military, medical, and
space applications.
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Figure 1.3 The transmission spectrum of the atmosphere over a horizontal 6000 feet path length
at sea level. The regions of high transmission are called atmospheric windows [15].
1.1.2

Types of Infrared Detectors

The demand for infrared photodetectors has, over the years, been dramatically increased
in many commercial, medical, military, and space applications, for example, night vision
enhancement, optical communication, smart fire alarms, medical diagnosis, laser designator,
surveillance and missile guidance. Such need for infrared detectors has leaded to a big variety of
devices. The IR detectors can be grouped into two main categories: thermal detectors and photon
detectors. Different types of detectors and their corresponding advances and disadvantages are
summarized and listed in Table 1.1.
Thermal detectors absorb incident radiation which results in a change of the material
temperature. The output electrical signal is then caused to changes of physical properties due to
the temperature change. Generally, thermal detectors are power law detectors, of which the
output signal depends on the radiation power instead of photonic nature and spectral content of
6

the incident radiation [16, 17]. Bolometers, pyroelectric detectors and thermopiles are the three
major types of thermal detectors. Although thermal detectors are cheap and able to operate at
high temperatures, they are often characterized by slow and insensitive detection response [1517]. Therefore, world-wide efforts have been devoted to develop photon detectors.
In the case of photonic detectors or photodetectors, incident radiation is absorbed through
the interactions with electrons in the materials, which generates output electric signal resulting
from the changes in electronic energy distribution. As a result, photodetectors show good
wavelength selectivity and a much faster response time than thermal detectors. However, the
photodetectors, especially IR photodetectors, are usually required to be cryogenically cooled in
order to reduce thermally generated carriers. In order to overcome this disadvantage, main
research efforts are focused on high temperature photodetectors. So far, type II superlattice
photodetectors and quantum dot photodetectors have been shown as promising detectors to
achieve this goal. In this project, mainly quantum dot photodetector and their variants are
investigated.
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Table 1.1 Comparison of Current Infrared Detectors [17].
1.1.3

Current Developments of Multicolor Photodetectors

For most of these applications, high speed and high sensitivity in specific spectral ranges
are required. Moreover, higher performance but with lower cost is also highly desirable as
8

increasing civilian and industrial applications of infrared detectors, which also accelerates the
research and development of advanced IR detectors.
Particularly, multicolor photodetectors are highly desirable for high-end infrared systems.
Some advantages of multicolor IR systems include collecting data in separate IR wavelength
bands and discrimination temperature as well as unique signatures of target objects [18] and
improved sensitivity over single color detectors enables advanced color processing algorithms
[15]. For example, dual-band IR detectors simultaneously covering both near infrared (NIR) and
long-wavelength (LWIR) are useful for interceptor seekers and laser designators. Another
example is to separate human beings from a hot background during firefighting.
Conventionally, multicolor detector systems disperse or filter the optical input across
multiple focal plane arrays (FPAs) or on a single FPA. Such systems require beamsplitters,
lenses, bandpass filters, and complex alignment, which largely complicate the production. As a
result, such systems are not desirable for many applications due to high cost, large size, system
complexity, and cooling requirements [19, 20]. Later developments of two-color detector arrays
employ two layers of HgCdTe with the long wavelength absorption layer under the shorter one
due to a short absorption length of a short wavelength. Such a detector system configuration has
inherited drawback; as stated by I. M. Baker, “The technological challenge is to make contact to
the two layers without obscuring the sensitive area. Ideal devices, where the integration takes
place simultaneously and the sensitive area is co-spatial, are practically difficult to make on
normal pixel sizes, say less than 50 µm.” [15] The potential of multicolor detector is undermined
by the HgCdTe detector system configuration. Therefore, simultaneous detection in multiple
wavelength bands with a single detection element is highly required in order to reduce the cost
and implement smaller and simpler multicolor system.
9

Since the early 1990s, a single detector with multicolor detection capability is of great
interest to solve the problems of conventional IR multicolor detector systems. Considerable
progress has been demonstrated by using intersubband quantum photodetectors. Taking QWIP as
a example, the approaches for realizing multicolor detectors are divided into three categories: (1)
multiple stacks with multiple contact leads, (2) voltage switched, and (3) voltage tuned, as shown
in Figure 1.4 [21]. These multicolor detectors have been reported by using multiple stacks of
quantum wells designed for absorption and detection at a different wavelength, featuring distinct
well widths and barrier heights [22-25], using coupled asymmetrical quantum-well [26-28],
using multiple periods of two distinct superlattices [29, 30]. Even though quantum well
technology demonstrates considerably progress in fabrication of multicolor detectors, quantum
well infrared photodetectors have intrinsic disadvantages such as the absorption of normalincident radiation is prohibited by the selection rule. For intersubband transitions in quantum
wells, the quantum well layers be perpendicular to the electric field polarization of incident
radiation. After over ten years of exploring, QDIP have shown great potentials to replace QWIP
in multicolor detection.
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Figure 1.4 Three different multicolor approaches for QWIPs. (1) Two QWIPs with different
detection wavelengths. The QWIPs are grown in a multi-stack structure and intermediate
contacts are provided. (2) The voltage-selective QWIP has dual detection wavelength at λ1 (at
voltage V1) and at λ2 (at voltage V2). (3) The voltage-tunable QWIP has a detection peak that is
tuned by external applied voltages.
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1.1.4

High Performance Quantum Dot Multicolor Photodetectors

Quantum dot photodetectors have an operation mechanism similar to quantum well
photodetectors, as schematically shown in Figure 1.5; electrons can be excited by photons from
one quantized energy sub-band to another. However, in the case of QDIP, three-dimensional
confined quantum dots as opposed to one dimensional confined quantum well are used as the
active region. The excitation (thermal- and photo-excitation) of electrons from the bound energy
levels in QDs ensures the presence of free electrons propagating over the continuum states and
generating electrical signal [31, 32]. The zero-dimensional confinement of QDs leads to several
advantages over QWIPs and other IR detectors. Some of these advantages are listed in Table 1.1.
Similar to the HgCdTe and QWIP technologies, QDIPs can also provide detection at different
wavelengths. Additionally, QDs can provide much more flexibility for transition energy tuning
by varying additional QD parameters, including size and shape of QDs and material strain and
composition. InAs/InGaAs quantum dot-in-a-well photodetector structure has demonstrated
dual-color detection at mid-wavelength IR and long-wavelength IR bands [33, 34]. Multiple
level transitions from InGaAs quantum dots have also demonstrated for multicolor detectors [3538]. A novel approach, tunneling quantum dot structure, was successfully demonstrated with
two-color photoresponse peaks at 6 µm and 17 µm operating at room temperature [39]. A
voltage-tunable three-color infrared detector based on tunneling quantum dot infrared
photodetector with double barriers is demonstrated [40]. Quantum-dot/quantum-well mixedmode infrared photodetector was demonstrated for multicolor detection in both the mid
wavelength infrared and long-wavelength infrared ranges [41]. Multi-color quantum dot infrared
photodetectors has been reported by performing selective area diffusion [42].
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Figure 1.5 Schematic band diagram of a quantum dot photodetector.

Theoretical predictions indicate that QDIPs are potentially competitive with HgCdTe
photodiodes and QWIPs in performance capabilities [32]. At present, quantum dot infrared
photodetectors are limited by their relatively small absorption volume which leads to a low
quantum efficiency compared to quantum well infrared photodetectors and Cadmium Mercury
Telluride based devices. On the other hand, due to the intrinsic strain in the quantum dots
fabricated by Stranski–Krastanov mode, it is challenging to increase the absorption volume by
stacking a large number of quantum dot layers. Moreover, another main disadvantage of QDIPs
is the large inhomogeneous size distribution of the QDs grown by Stranski–Krastanov growth
mode [43, 44]. As a result, the absorption coefficient, which is inversely proportional to the QD
ensemble linewidth, is reduced and, consequently, the theoretically predicted quantum efficiency
of QDIP is diluted to be lower absorption. Consequently, the growth and design of novel QD
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detectors are critical to achieving the theoretically predicted high performance multicolor
detectors [32, 45]
Very recently, detectors with significant improvement in the responsivity have been
reported with reduced the strain by introducing the InGaAs well [46]. Low strain quantum dot
infrared photodetectors are promising to achieve high efficiency. However, low strain quantum
dots have not been sufficiently explored for multicolor detection. Another way to improve the
efficiency of quantum dot infrared photodetector has been developed very recently is using metal
hole arrays. Periodic metal hole arrays have demonstrated extraordinary transmission for
quantum dot infrared photodetector and the detector response could be strongly modulated from
the excitation of surface Plasmon [47]. Later, a dramatic thirtyfold detectivity enhancement by
the direct coupling of surface plasmon waves to quantum dots has been demonstrated in an InAs
quantum dot photodetector with the integration of a metal photonic crystal [48]. However, the
two dimensional hole array are strongly wavelength dependent and may not be suitable for
multicolor detections. Very recently, a two-color quantum-dot infrared photodetector has been
fabricated with top cross hole array metal contact instead of conventionally used square or circle
holes [49]. Even though no enhancement of multicolor photodetector has been reported by using
surface plasmon coupling, such new observations have shown promises in developing high
performance multicolor quantum dot photodetectors by using unique metal hole geometry.
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1.2 Surface Plasmon Enhanced Solar Cells

1.2.1

Basic Principles of Solar Cells

Fossil fuels are the major energy resource for our current world. As fossil fuels are not
renewable energies, they become less and less cost effective, as world energy consumption,
especially in developing countries, dramatically increasing. Moreover, the side effects of using
fossil fuels are severe. One of the biggest concerns is the production of greenhouse gas. To solve
current energy and environment crisis, renewable energies are under intensive research and
development.
One of the most promising renewable energy sources is solar energy. Solar cells, or
photovoltaic cells, are generally devices that are designed to effectively convert solar energy into
electricity, so that both a current and a voltage are produced to generate electric power upon
solar irradiation. To accomplish this process, mainly two requirements have to be met. Firstly,
there is a material that absorbs a reasonable large portion of light within solar spectrum and
further generates electron-hole pairs. Secondly, there is a mechanism to effective separate the
electrons and holes generated. A variety of materials and process can satisfy these requirements
for solar energy conversion. Many semiconductors have been widely used as the absorber for
solar energy such as Crystalline Silicon (c-Si), Gallium Arsenide (GaAs), Amorphous Silicon (aSi), Multicrystalline Si (Poly-Si), Cadmium Telluride (CdTe), Copper Indium Di-Selenide
(CuInSe2), and many organic polymers [50]. There are generally three types of photovoltaic
structures that have been used for solar energy conversion, including homojunction p-n diode,
heterojunction p-n diode, and Schottky barrier solar cell. Most the time, the former two types of
configurations are adopted for solar energy conversion. In such configurations, the build-in
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electric field at the p-n junction drives electrons to the n side and holes to the p side [51]. The
operation of a solar cell diode is illustrated in Figure 1.6 [52, 53].
The current-voltage (I-V) characteristic curves generated by an ideal diode can be written
as

 qV
I = I 0 exp 
 kT


Figure 1.6 A schematic of a solar cell operation.
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 − 1
 

(1-1)

where I is the current, I0 the saturation current, V the applied voltage, q the electron charge, k the
Boltzmann’s constant and T the absolute temperature. For actual diodes, Equation (1-1) has to
be modified as

 qV
I = I 0 exp 
 nkT


 
 − 1
 

(1-2)

where n is the ideality factor, a number between 1 and 2 [54]. An example of a diode I-V curve is
shown in Figure 1.7 (a). With light shining on the cell, some electron hole pairs are created and
a portion of them are further collected by the internal field as shown in Figure 1.6. Illumination
of a p-n junction cell adds additional current (in reverse direction) to the normal dark current and
the diode equation becomes

 qV
I = I L − I 0 exp 
 nkT


 
 − 1
 

(1-3)

where IL is the light current. The I-V curves and equivalent circuits of a p-n junction in dark and
light condition are shown in Figure 1.7. Two important parameters can be immediately obtained
from the I-V curves [51]:
1. Short circuit current (Isc)—the maximum possible output current (at zero voltage).
2. Open circuit voltage (Voc)—the maximum possible generate voltage (at zero current).
It is impossible to reach an operation condition that a solar cell outputs Isc and Voc at the
same time. Instead, the maximum power output point lies in the fourth quadrant. For an example
of typical solar cell I-V curve as shown in Figure 1.8, a solar cell maximum power point Pmp can
be obtained to choose a proper load so that the solar cell operates at the ideal point in the I-V
curve (Vmp, Imp). The I-V curve is re-plotted in the first quadrant to give out a positive current
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and power1. As shown in Figure 1.8, the largest rectangle fitting under the I-V curve can be used
to graphically represent the maximum power output of a solar cell. The solar cell efficiency is
strongly dependent on how well the rectangle fits the I-V curve. The fill factor (FF) is a good
measure of how well the rectangle fits the I-V curve and is written as

Figure 1.7 (a) The influence of light on the current-voltage characteristics of a diode; (b) a p-n
junction circuit in dark condition; (c) a p-n junction equivalent circuit under light irradiation.

1

Conventionally, current enters the anode of a power-consuming device, a resistor or a

diode. The power consumed by a solar cell operating in fourth quadrant is negative, following
conventional plotting. The negative consumed power means power generated by a solar cell. To
be consistent with resistor and diode plots, the solar cell I-V in the rest of this dissertation will be
plotted in the fourth quadrant.
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FF =

Vmp I mp

(1-4)

VOC I SC

However, the physical meaning of fill factor is related to the junction quality and
parasitic resistance of a cell. Nonetheless, the closer the fill factor is to unity, the higher the
quality and efficiency of a solar cell [51]. Therefore, the conversion efficiency η of a solar cell
can be written as

η=

Pmp
Pinput

× 100% =

Vmp I mp
Pinput

× 100% = FF

VOC I SC
× 100%
Pinput

(1-5)

where Pinput is the input solar energy.

Figure 1.8 An example solar cell I-V curve as well as the output power curve. The maximum
output point (Vmp, Imp) is indicated in the graph.
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1.2.2

Challenge for High Efficiency Solar Cells and Promise of Surface Plasmon in
Photovoltaics

As mentioned in previous section, various materials have been used for solar cell
production. However, due matured fabrication technique and relatively low cost of silicon
compared with other semiconductors, silicon solar cell soon has gained its popularity. As silicon
solar cells, the so-called “fist generation” photovoltaic technology, become mature, the
increasing potion of the material cost has driven the development of the “second generation”
solar cell, thin film solar cells. Thin film technology leads to a huge decrease in raw material
costs by minimizing the costs of the semiconductor materials. Another advantage of thin-film
technology is the increased unit size of manufacturing. A glass sheet with thin film cells with
area of 1 m2 is about 100 times larger than a four inch silicon wafer [55]. However, all thin film
solar cells have to face a major challenge that the absorbance of thin film solar cell light is
ineffective at the bandgap edge. This challenge has hindered the development of high efficiency
thin film solar cells. One the other hand, a limited cell efficiency, for example 15% for typical
silicon cell efficiency is still difficult to further bring down the unit power price generated from
solar energy to a competitive level to current other power generating techniques. Therefore, new
high efficiency solar cell concepts have been under intensive research during the last few
decades so that solar energy can be one of the cheap and reliable options for future energy
production. In order to improve solar cell performance to reach its ultimate converting efficiency
and reduce solar energy price, part of my research focuses on developing high efficiency solar
cells, or the “third generation” photovoltaic technology [55].
Even though the thermodynamic limit of solar cell efficiency is as high as 95%, the upper
limit of a single junction solar cell is 31%, the Shockley–Queisser limit [51, 56]. Figure 1.9
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shows the calculated efficiency of single junction solar cells made from materials with various
energy bandgap. Using detailed balance between incoming and escaping photons and collected
electrons, W. Shockley and J. Queisser reported that the detailed balance limit or ShockleyQueisser limit for single junction cells [57]. By using a material with idea bandgap, such as
GaAs, the calculated cell efficiency is ~30% under air mass (AM) 1.5 solar spectrum. For
crystalline silicon with bandgap of 1.1 eV, the theoretical efficiency is about 26%. In these cases,
the calculation assumes that the energy loss is from re-emission of photons due to radiative
recombination and voltage drops at the cell contacts and junction. However, most commercially
available silicon solar cells are limited in the 15-20% range. This is because that many other loss
mechanisms are associated with solar cells.
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Figure 1.9 Dependency of the theoretical conversion efficiency on the semiconductor bandgap of
a single junction solar cell.
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There are many energy losses that lead to low efficiency of solar cells. The major reasons
for the low efficiency of a solar cell are listed as following [51, 55, 58]:
(1) Optical losses. The optical losses include reflection from the solar cell surface,
shading from the metal contacts, low energy photons that unable to create electron
hole pairs, radiative recombination, and absorption by inactive layers and contacts.
(2) Electrical losses. Electrical losses include electrical resistance (shunt resistance and
series resistance) losses in the semiconductor, the connecting cable, contact loss, and
leaking current from surface effects and defects.
(3) Lattice thermalization losses. Lattice thermalization losses include thermalization of
electrons and holes relax back to the edges of the respective carrier bands after being
excited by high energy photons, non-radiative recombination of carriers through
defects and surface, and junction and contact losses.
There are significant energy losses from the optical losses. A large amount of light can be
reflected back from the solar cell surface and some materials such as silicon are not a good light
absorber. In order to improve cell efficiency approaching theoretical limit, novel light trapping
methods using surface plasmon have been proposed and demonstrated [59]. Even though there
are many other techniques which can be used to improve the solar cell conversion efficiency,
including multi-junction solar cell [60], hot electron solar cell [61], intermediate band solar cell
[62], and multiple electron-hole generation [63]. Up to now, reflection reduction and absorption
enhancement by using surface plasmon is promising to boost up current solar cell efficiency and
also to be additional support to realize the above-mentioned novel techniques.
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The term “plasmon” is introduced to describe collective oscillations of free electrons in
the metal by David Pines in 1956 in analogy to plasma oscillations of gas with free charged
carriers [64]. Surface plasmon is first theoretically described by Rufus Ritchie in 1957 reporting
on electron energy losses in thin films, which shows that plasmon modes can be present near a
metal surface [65]. Later, Powell and Swan have demonstrated the existence of the excitation of
surface collective oscillations, and the quanta of the surface waves are called the surface plasmon
[66-68]. In general, plasmon can be categorized in three types: bulk plasmon, surface plasmon,
and localized surface plasmon.
For unbounded electrons, they oscillate in response to the applied electromagnetic field.
As mentioned previously, unbounded collective oscillations of free electrons in the metal are
bulk plasmons. Based on plasma model, the plasma frequency or the frequency of free-electron
gas oscillation is [69, 70]

ne 2
ωp =
ε 0m
ɛ0 is the electric permittivity, e and m the charge and effective mass of an electron, and n the

electron density. The free electron gas dielectric function can be written as [69]

ω p2
ε (ω ) = 1 − 2
ω + iγω
For a frequency approaching the plasma frequency (ω>>γ), the damping via collision is
negligible and the dielectric function can be written as

ε (ω ) = 1 −

ωp2
ω2
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Therefore, the dispersion relation of traveling transverse electromagnetic waves for
Drude metal can be described as

ω 2 = ω p 2 − K 2c2
For ω= ωp, the wavevector K as well as the group velocity is zero. Therefore, at the
plasma frequency, the electromagnetic excitation of Drude metal, or bulk plasmon, corresponds
to a collective longitudinal oscillation of the unbounded electrons with the background of
positive ions in a plasma slab.
Similar to bulk plasmon, surface plasmon polaritons (SPPs) are the electron oscillations
confined at a conductor-insulator interface.
First, assume a wave propagation geometry at the plane z=0 along the x-direction with no
spatial variation in the in-plane y-direction (ε=ε(z)). The dielectric profile variation is assumed to
be negligible the over distances on the order of one optical wavelength and the electromagnetic
wave is harmonic time dependent. The wave function can be written in the following form [69]
∂E( z )
+ (k02ε − β 2 )E
2
∂z

where β is the component of the wave vector in direction of propagation of the plasma oscillation
at the interface and k0 = ω/c the wave number of electromagnetic wave in vacuum. By applying
Maxwell’s equations, the wave function can be reduced as

∂H y
∂z 2

+ (k02ε − β 2 ) H y = 0

with

Ex = −i

2

∂H y

ωε 0ε ∂z
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Ez = −

β
H
ωε 0ε y

for TM modes.

∂E y
∂z

2

+ (k02ε − β 2 ) E y = 0

with

Hx = i

Hz =

1 ∂E y
ωµ0 ∂z

β
E
ωµ0 y

for TE modes.
Due to the metal-dielectric interface continuity, the SPPs propagating at the interface for
TM modes have a dispersion relation as [69]

β = k0

ε1ε 2
ε1 + ε 2

where ɛ1 and ɛ2 are the dielectric permittivities of the metal and dielectric, respectively. On the
other hand, the continuity at the interface can not be satisfied for TE modes. Therefore, SPPs
only exist for TM polarized electromagnetic waves. From the dispersion relation of SPPs, the
frequency of SPPs approaches surface plasmon frequency at large wave vectors and can be
written as

ωsp =

ωp
1+ ε2

When the frequency approaches SPP frequency, the wave vector β goes to infinity and
the group velocity vg approaches 0. Therefore, the mode, surface plasmon, acquires electrostatic
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character. Since the SPP dispersion curve lies in the right side of the light dispersion line, direct
excitation of SPP is not possible unless coupling is made through phase-matching.
The localized surface plasmon (LSP) is non-propagating electron oscillation in metallic
nanoparticles. For metal nanoparticle size a lot smaller than the excitation wavelength, the
harmonically oscillating electromagnetic field phase can be assumed to be constant within the
nanoparticle. Therefore, the interaction between metal nanoparticle and electromagnetic wave
can be treated by quasi-static approximation. Here, we take a spherical nanoparticle with radius a
in a dielectric matrix as an example (Figure 1.10). The dielectric constants of the nanoparticle
and surrounding medium are ε(ω) and εm, respectively. The nanoparticle is presented in a
uniform electric field E0 = E0ɛ. The interaction can be started with solving the Laplace equation
for electric potential.
∇ 2Φ = 0

A general solution for the potentials Φin and Φout can be written as can be written as [69,
71, 72]
Φ in (r , θ ) = −

3ε m
E r cos θ
ε + 2ε m 0

Φ out (r , θ ) = − E0 r cos θ +

ε − εm
cos θ
E0 a 3 2
ε + 2ε m
r

where Φin is the potential inside the nanoparticle and Φout is the potential outside the metal
nanoparticle. By introducing the dipole moment p, the potential Φout outside the metal
nanoparticle can be written as [69]
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Figure 1.10 Sketch of a homogeneous spherical nanoparticle in dielectric medium placed in an
electrostatic field.

Φ out (r , θ ) = − E0 r cos θ +

p ⋅r
4πε 0ε m r 3

where p is
p = 4πε 0ε m a 3

ε − εm
E
ε + 2ε m 0

Under the quasi-static approximation, a spherical metal nanoparticle in an electrostatic
field can be treated as an ideal dipole. The polarizability α of the metallic nanosphere is then
derived as [69, 72]

α=

p

ε 0ε m E 0

= 4π a 3

ε − εm
ε + 2ε m

The electric field can be obtained from the potentials as
Ein =

3ε m
E
ε + 2ε m 0

Eout = E0 +

3n(p ⋅ n) − p
4πε 0ε m r 3
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Therefore, when the |ε + 2εm| is minimal, the polarizability as well as the fields in and out
of metal nanoparticles are expected to be maximum. The resonance condition in α, Re[ε(ω)]=2εm, corresponds a resonance of both the internal and dipolar fields. Such field-enhancement at
the resonance enables various applications of metal nanoparticles in optical and optoelectronic
devices [69].
In order to obtain the fields absorbed and radiated by the metal nanoparticles, it is helpful
to discuss an ideal point dipole in a time-varying electromagnetic field. The field introduces
oscillating dipole moment similar to p but with the time-varying term. The total fields can be
written as [69, 71]
E(t ) = Ee − iωt =

 2
eikr
 1 ik  
k
(
)
n
p
n
×
×
+ [3n(p ⋅ n) − p]  3 − 2  eikr  e − iωt
3 
4πε 0ε m r 
r
r r  

H (t ) = He −iωt =

ck 2
eikr
(n × p)
r
4π

1

1  − iωt

1 −
e
 ikr 

Here, the discussion is divided into two regions, kr<<1 and kr>>1. When kr<<1 (the near
field), E and H can be reduced as
E=

3n(p ⋅ n) − p
4πε 0ε m r 3

H=

iω
1
(n × p) 2
4π
r

The near field shows similar results of electrostatic field outside of spherical nanoparticle
in a uniform electric field. When kr>>1 (the far field), E and H can be reduced as

E=

k 2 eikr
4πε 0ε m r

(n × p) × n
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ck 2
eikr
H=
(n × p)
4π
r
The far field is the radiative part of the oscillating dipole.
The scattering and absorption cross sections, Csca and Cabs, can be calculated from the
following equations [72]
Cext = Cabs + Csca =

Csca = ∫

2π

0

∫

π

0

4π
Re{( X ⋅ xˆ )θ =0 }
k2

2

X
sin θ dθ dφ
k2

The vector scattering amplitude X for the far field of a dipole is
ik 3
X=
α (n × p) × n
4π
Therefore, the coefficients Csca and Cabs of metallic nanoparticles can be calculated as
Csca

8π 4 6 ε − ε m
=
k a
3
ε + 2ε m

2

 ε − εm 
Cabs = 4π ka3 Im 

 ε + 2ε m 
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2. RESEARCH METROLOGY

2.1.

Introduction
In this study, novel nanostructures and nanomaterials are investigated for application in

photodetectors and solar cell. In this chapter, the fabrication and characterization will be
discussed. The fabrication of nanostructures in this study is carried out by epitaxial growth as
well as chemical synthesis. The epitaxial growth of semiconductor nanostructures is introduced
in section 2.2 and chemical synthesis of metallic nanoparticles is included in section 2.3. All the
nanomaterials used in this dissertation are grown by using these techniques. Moreover, the major
characterization methods and tools are also discussed in this chapter. These methods and tools
include material characterization as well as device characterizations. All the measurements in
this dissertation are carried out using these testing methods or equipments unless otherwise
specified.

2.2.

Epitaxial Growth of Self-Organized Nanostructures
Since the early development of various nanostructures about three decades ago,

nanostructured semiconductors have gained much popularity in electronic and optoelectronic
device applications. Fabrication of nanostructures has been well accomplished, including
colloidal nanocrystals, quantum dots, quantum rings, quantum wires, graphene, and nanorods. To
grow these nanomaterials, both bottom-up and top-down growth techniques have been
developed, including e-beam lithography, nanosphere lithography/etching technique, selfassembled chemical synthesis, and self-assembled epitaxial growth [73-78]. Generally, the topdown techniques involve various types of lithography and etching processes which suffer from
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the degradation of material surface quality. In addition, it is challenge to create nanostructure in
wafer scale without dramatically increasing the processing cost and time using these techniques.
On the other hand, bottom up techniques, for instance, self-assembled epitaxy, can grow high
quality material at wafer scale. Moreover, thanks to the rapid progress over the last two decades,
self-assembled growth method offers great control in the size, shape, composition, position, and
density of nanostructures. Among these techniques, molecular beam epitaxy (MBE) is one of the
well developed and advanced growth techniques, which has been widely used to grow various
nanostructures. In this project, MBE has been used to grow nanomaterials for photodetectors and
solar cells and this growth technique will be introduced in this section.
In general, MBE can be thought as an advanced thermal evaporator. The main feature
which distinguishes MBE from a normal thermal evaporator is the ultrahigh vacuum growth
environment (~10-10 torr). The growth chamber is surrounded by a cryogenic wall which is
cooled by liquid N2 to maintain high vacuum. The ultrahigh vacuum enables MBE to achieve
high mean free path of molecular beams, in-situ monitoring of epitaxial growth, and high
material quality with impurity levels below ten parts per billion. The high mean free path leads to
precise control of molecular beam flux which further results in precise control of composition
and doping of epitaxial materials. To ensure good material quality and precision of composition
and doping, the deposition rate is sub-monolayer per second for typical MBE growth. The slow
growth rate requires well control in the operational temperatures of source materials and in the
shutter speeds. A schematic drawing of a generic MBE system is presented in Figure 2.1. The
major components of a MBE system include (1) vacuum systems, (2) substrate manipulator,
source cells and shutters, (3) diagnostic and analytical facilities, (4) control systems. In this
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project, a Riber32 MBE system is used, equipped with Ga, In, Al, Be and Si Knudsen effusion
cells, and an As valved cracker cell.
Growth takes place through reactions between source molecule beams. Upon heating by
filament, the source cells generate molecule flux in an ultrahigh vacuum system. The ultrahigh
vacuum ensures a mean free path of molecules few times longer than distance from cell to
substrate. In order to obtain good sample uniformity, the cell orientations are designed to have
uniform flux across wafer and the substrate holder is rotated during growth. The epitaxial layer
growth rate can be precisely controlled by adjusting the cell temperature or the partial vapor
pressure and the deposition is made by opening the position of cell shutters. Figure 2.2 shows the
plot of growth rate as a function of temperatures. As shown in Figure 2.2, the GaAs growth rate
can be precisely controlled by adjusting the Ga cell temperature. The growth rate of InGaAs and
AlGaAs are simply calculated from these growth rates. It is worth to mention that typical growth
of arsenide materials is carried out in As rich environment (the flux ratio is normally >10). The
As cell is a valved cracker and the flux is controlled by a high-precision step motor. The doping
concentration in the semiconductor is calibrated by an electro-chemical capacitance voltage
(ECV) profiler, which will be discussed in a later section. As an example, Figure 2.3 shows the
silicon doping concentration for a calibration sample. Throughout the sample growth, all growth
conditions are kept the same except the silicon cell temperature, which is increased by 40 °C per
400 nm GaAs.
To fabricate these nanostructures by MBE, two major growth techniques, StranskiKrastanov (S-K) growth method and Droplet Epitaxy technique, have been developed [7, 79]. In
this project, both growth techniques are used to grow nanostructures.
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Figure 2.1 A sketch of a molecular beam epitaxy growth chamber showing the configuration of
the sources and RHEED electron gun.

Figure 2.2 The growth rate as a function of cell temperatures of (a) AlAs, (b) GaAs, and (c)
InAs.
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Figure 2.3 (Left) Silicon doping concentration profile in GaAs (100) substrate. The silicon cell
temperature is indicated in the graph for each GaAs layers. (Right) The doping concentration of
Silicon in GaAs as a function of temperatures. Data measured from the center and edge of the
sample is plotted.
Epitaxy growth usually encounters three different modes, depending on the strain as well
as the relation between the energies of two surfaces and the interface energy. [80-82]As shown in
Figure 2.4, the three modes are Volmer-Weber (V-W), Frank-van der Merwe (F-M), and
Stranski-Krastanov [81]. F-M growth mode is characterized by a lay-by-layer nucleation and VW growth is characterized by the development of three-dimensional islands on the substrate. For
S-K mode, the growth starts with a layer-by-layer (two-dimensional growth) mechanism but
results in three-dimensional islands after reaching a critical layer thickness [82]
By using S-K growth mode to growth of self-assembled QDs, the formation of the QDs is
driven by strain energy. When the critical thickness is reached (strain energy exceeds the surface
energy), the release of the energy produces random distributed three-dimensional islands. In a
lattice-mismatched material system, such as a GaAs (5.653 Å) and InAs (6.056 Å), the strain at
the InAs and GaAs interfaces after only 1.7 monolayer deposition of InAs lead to formation of
coherent three-dimensional island. The detailed description on the self-assembled QDs by S-K
34

growth method can be found in reference [82]. After about 20 years research world-widely, S-K
quantum dots have evolved as one of the standard QD growth technique. Also, S-K growth
method can be used for quantum dot, quantum ring, and quantum wire growth. By adjusting
beam flux, growth temperature, and deposition coverage, the size and density of quantum dots
can be tuned [83, 84]. Figure 2.5 shows an example of AFM image of QDs with different density
grown by S-K method.

Figure 2.4 Schematics of three different growth modes: (a) Volmer-Weber (V-W), (b) Frank-van
der Merwe (F-M), and (c) Stranski-Krastanov (S-K).

Figure 2.5 Atomic force microscopy images of InAs QDs with (a) low density and (b) high
density.
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Droplet epitaxy is a much less-developed fabrication method for nanostructures but,
however, droplet epitaxy is a versatile growth technique for nanostructures. Pioneered by N.
Koguchi , droplet epitaxy can grow a wide spectrum of nanostructures, including quantum ring,
multiple concentric quantum ring, quantum dot, quantum dot pair, quantum dot molecule, and
nanohole. Different from simultaneously deposition of materials in S-K growth method, droplet
epitaxy is an epitaxy growth method which consists of two consecutive growth steps: formation
of droplets and crystallization of droplets. Generally, the droplets are created by depositing
group-III metals, such as Ga and In, in a depleted ambiance of group-V materials. After
irradiation of molecular beam of a group-V element, the droplets evolve into nanocrystals with
many different shapes depending on the growth conditions. Due to this special growth procedure
of the droplet epitaxy, the formation of nanostructures is not limited to lattice-mismatched
material systems. Also, the presence or absence of the wetting layer can be controlled at the
interface between the two materials.
All samples are grown on GaAs (100) epi-ready wafers. Generally, all growths follow the
same standard procedures which consist of degas at 350 °C for 1 hour, oxide desorption at 600
°C for 10 minutes, 500 nm GaAs buffer growth at 580 °C, and structure growth. The growth is
monitored by reflection high-energy electron diffraction (RHEED). In this project, RHEED is
used to monitor the oxide desorption, surface reconstruction, QD formation, and growth rate
calibration. The time evolution of the diffracted pattern intensity during epitaxial growth reflects
the development of surface atomic structure and morphology, including changes in surface
reconstruction, the agglomeration of islands, step bunching, and so on [85]. For example, layerby-layer growth is observed from periodic diffracted pattern intensity oscillation, as shown in
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Figure 2.6. Even though the process is not well understood, it is generally accepted that the
intensity oscillation is resulted from a layer-by-layer growth mode, an alternation in surface
roughness.

Figure 2.6 Illustration of RHEED oscillations observed on the phosphor screen. θ is the
monolayer coverage.

2.3.

Chemical Synthesis of Colloidal Metal Nanoparticles
I. SPHERICAL GOLD NANOPARTICLE SYNTHESIS
The Au particle synthesis in organic solvent such as toluene was accomplished by phase

transfer from aqueous layer to organic layer by using phase transfer catalyst during the synthesis.
In a typical synthesis 0.3537 g of Au (III) chloride was dissolved in 30 mL of deionized water.
Then 2.187 g of Tetraoctyl ammonium bromide (TOAB) was prepared in 80 ml toluene.
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Afterwards gold (III) chloride solution was added to TOAB containing toluene and vigorously
stirred the mixture for about 15-20 min. Meanwhile, ice cold sodium borohydrate (NaBH4)
solution was prepared by adding 0.38 g of NaBH4 to 25 ml of deionized water and cooled for
about 10 to 15 min. The ice cold NaBH4 solution was added drop wise over a period of 30
minutes to the mixture of TOAB in toluene and gold (III) chloride solution in water while
stirring vigorously. The solution further stirred another 20 minutes. Over period of time initial
pale yellow color of solution changed to burgundy red color which ensures the complete
reduction of gold (III) ions to colloidal metallic gold (0) nanoparticles. The formed colloidal
metallic nanoparticles are completely transferred to toluene upon reduction. The organic phase
was extracted and aqueous phase was discarded. For further purification, the organic layer was
washed about several times with deionized water to remove the unwanted salts and removed
aqueous phase via phase separation repeatedly. Finally organic phase was dried with anhydrous
sodium sulphate (Na2SO4) to remove the traces of water. This procedure yielded a concentrated
gold colloidal particle solution with particle size around 5 nm.
II. SPHERICAL SILVER NANOPARTICLE SYNTHESIS
Silver colloidal nanoparticles were conducted by two phase synthesis similar to that of
gold nanoparticle synthesis and TOAB was also used as phase transfer agent. In order to avoid
AgBr formation, excessive NaNO3 salt is added. For synthesis of Ag nanoparticles in toluene, 30
ml of 5.0 M NaNO3 solution was prepared by dissolving 12.749 g NaNO3 in 30 ml H2O
Millipore water. For preparation of organic phase 50 ml of TOAB solution in Toluene was
prepared by dissolving 1.367 g of TOAB. Then NaNO3 solution is added to TOAB solution and
stirred vigorously for 1 to 2 hours. Then the organic and aqueous phases were separated by
extraction. The aqueous phase was discarded. The organic phase was washed one more time with
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deionized water and phase separation was carried out and the aqueous phase was discarded
again. Thus the Bromide ions are removed for the maximum extent.
Afterwards as a silver precursor, 7.5 mL of 30 mM AgNO3 solution was added to the
organic solution and stirred vigorously to mix two phases to transfer silver ions into organic
phase. Meanwhile, 0.4 M ice cold NaBH4 solution is prepared and added very slowly drop wise
for about 30 min in total of 4 ml solution and stirred vigorously for 1 to 2 hours. The organic
phase turned out to be yellow. The organic phase was extracted and washed with several times
with water repeatedly and separated organic phase. Finally the organic phase was dried with
Na2SO4 salt to remove traces of water drops from toluene solution.

Figure 2.7 Schematic presentation of metallic nanoparticle synthesis.

2.4.

Material Characterization

2.4.1. Photoluminescence
Photoluminescence

(PL)

has

been

a

powerful

nondestructive

technique

in

characterization of semiconductors. PL technique can be used to identity the band-to-band
transition energy, size distribution, and many other properties of materials. As shown in Figure
2.8, a BOMEM FT-IR spectrometer is used to measure PL.

Two lasers with excitation

wavelengths at 532 and 641 nm are used. The output power of the lasers is adjustable. The
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emission from the sample under laser excitation is collected redirected into an external signal
port of the FTIR spectrometer by two parallel parabolic mirrors. Both Si and InSb detectors are
used in the spectrometer to detect incoming spontaneous emissions. The principle of the
detection of photoluminescence spectra is the same one as any other FT-IR spectrometer [86].
The setup enables detection of PL signal ranging from visible to NIR (~0.5 to 3.5 µm).

Figure 2.8 The optical configuration of the Bomem DA8 Fourier-transform spectrometer for
photoluminescence measurement.
The samples are mounted on a high thermal conductive oxygen-free copper sample
holder which is attached to a Janis ST-100 SP continuous flow cryostat. The cryostat is
connected to a Lakeshore 331 temperature controller, which enables precise temperature control
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from 10 K to 300 K. Liquid nitrogen is used as cryogen to cool samples down to 77 K for low
temperature PL measurements.

2.4.2. Microscopies
Scanning electron microscopy (SEM) and atomic force microscopy (AFM) are widely
used to probe the morphology of nanostructures. In this project, a FEI xT Nova NanoLab 200
SEM system and a Veeco Dimension 3100 AFM equipped with NanoScope V controller are
used to obtain nanomaterial morphological information.
AFM

is mainly a surface topography imaging instrument with high-resolution in

nanometer scale. AFM can also be applied to compositional mapping of samples and studies of
local material properties [87]. A typical setup for an AFM is illustrated in Figure 2.9. The main
components of an AFM include a probe, a system for optical detection, a piezo-scanner and
electronics for scanning management and data acquisition. In a tapping mode scan, the cantilever
is set to oscillate at a frequency close to its resonance. In this work, silicon tips with radius of 10
nm and resonant frequency ~170 KHz are used. The surface morphology changes the amplitude
of the oscillating cantilever during a scan. The deflection and oscillatory amplitude of the
cantilever are monitored optically. A laser beam is reflected from the back side of the cantilever,
which is then detected by a position-sensitive photodetector. The deflection of the cantilever
resulted from the sample surface produces a position change of the laser beam on the
photodetector. This oscillatory optical signal is translated into the level of damping as cantilever
tip scans the surface. A feedback mechanism is used to maintain a constant amplitude and then
the feedback signal represents the surface morphology.
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Figure 2.9 Schematic of a typical set-up of an atomic force microscope operated in the
noncontact tapping mode.

SEM is a type of electron microscope. Similar to an optical microscope, which refracts
and focuses light by optical lens, SEM directs electron beam by using electromagnetic fields.
The “Reflection” of electrons is primarily achieved by emitting secondary electrons back through
interaction between the incoming (primary) electrons and the atomic electrons in a sample. The
secondary electron signals are detected and generate images of the sample.
Due to the advantages and disadvantages of AFM and SEM, they are used
complementarily for material researches. SEM is able to image a much larger area than that can
42

be imaged by AFM while AFM is a more accurate option to detect the surface gradient than
SEM. Moreover, AFM is not able to detect the overhand and undercut structures and also limited
with vertical scan range (normally 5–10 µm). However, SEM can only be used to image
conductive specimens and require high vacuum environment. More detailed description of these
microscopy techniques may be found in many references, such as [87-89].

2.4.3. Electro-Chemical Capacitance Voltage
An Accent electro-chemical capacitance voltage (ECV) Pro profiler is utilized to probe
the carrier concentration in semiconductor materials. The carrier concentration is critical to
performance of optoelectronic devices, including photodetectors and solar cells [90, 91]. ECV is
relatively simple technique which profiles the carrier concentration as a function of depth
compared with conventionally used differential Hall and capacitance voltage (CV)
measurements.
The ECV measurement is similar to conventional CV technique. Instead of using a metal
Schottky contact on semiconductor, electrolyte is used to form an equivalent Schottky diode and
etch the semiconductor at the same time.
The Schottky contact between semiconductor and electrolyte is formed though charge
exchange upon contact. The dissolution of semiconductor by electrolyte results in an charge
separation. The increase in electrical energy from charge separation leads to an equilibrium
condition. In order to form a depletion region to perform CV measurements, different conditions
have to be satisfied for n-type and p-type semiconductors. For p-type semiconductors, the
majority carriers are holes which require positive ion to deplete them in the semiconductor.
Therefore, the semiconductor must be made more negative than its equilibrium condition to
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attract positive ions to the interface. On the other hand, for n-type semiconductors, the majority
carriers are electrons which require the semiconductor to be more positive than its equilibrium
value to attract negative ions to the interface. Given that the electrolyte is quite concentrate (e.g.
0.2 M Diaminoethane: EDTA ), the carrier density is high in electrolyte. Therefore, the field
penetration into the electrolyte is negligible behaving as a metal semiconductor Schottky contact.
The potential is mainly dropped across the interface (know for given materials) and deletion
region. Therefore, the equation of metal-semiconductor junctions can be applied to electrolytesemiconductor junctions.
 −2 ( Φ − V ) ε 0ε r 
Wd = 

qN



1/ 2

 qN ε 0ε r 
C = A

 2(Φ −V ) 

1/ 2

where Φ is the built in electric field, V the applied bias voltage, ε0 dielectric constant, εr
the relative permittivity of the semiconductor, q the electron charge, N the carrier concentration,
and A the contact area.
The C-V measurements are accompanied by semiconductor dissolution to profile carrier
concentration as a function of depth. The dissolution of semiconductors is dependent on the
presence of holes. For example, the dissolution of GaAs is as following
GaAs + 6⊕ ⇒ Ga 3+ + As 3+

Therefore, in n-type materials, holes must be created by external light excitation. The
etch depth depends on the current flow and is given by Faraday's law of electrolysis as
following:
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t

M
WR =
I etch dt
zF ρ A ∫0

where M is the material molecular weight, z the dissolution valency, F the Faraday
constant, ρ the density, and Ietch the dissolution current. The dissolution valency is related to the
number of holes that are needed for the dissolution of one semiconductor molecule [92]. The
charge carrier density is measured at the edge of the depletion layer and the profiled depth can be
written as

εε A
M
I etch dt + 0 r
∫
zF ρ A 0
C
t

Depth = WR + Wd =

Finally, the carrier density N is written as:
C3
N=
qε 0ε r A2 dC / dV
1

In this project, the ECV technique has been used to determine the carrier concentration in
GaAs versus doping cell temperature, as shown in Figure 2.3. The ECV doping profiler has also
been used to probe the carrier concentration in different device structures. For example, doping
profiles of a quantum dot photodetector and a quantum dot solar cell are shown in Figure 2.10
and Figure 2.11.
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Figure 2.10 Carrier concentration of a ten layer InAs quantum dot infrared photodetector.
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Figure 2.11 Carrier concentration of a five layer InAs quantum dot solar cell.
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2.4.4. Ultraviolet-visible spectroscopy
Ultraviolet-visible spectroscopy (UV-Vis) refers to absorbance, transmittance, and
reflectance measurement in the region of ultraviolet and visible wavelengths. In this project, a
Cary 500 UV-Vis-NIR spectrometer is used to measure the absorbance spectra of nanoparticles
dispersed in various media. A quartz cuvette with optical path of 10 mm is used.
Absorbance is a measure of the loss of light because of scattering and absorption as it
passes through a medium. Absorbance is written as
 I 
A = − log T = − log  
 I0 
Here, T is the transmission, I is the transmitted light intensity, and I0 is the incident light
intensity. In the Cary 500 UV/VIS spectrophotometer, transmitted light intensity I and the
incident light intensity I0 are detected by detectors, which generate absorbance of samples.
Therefore, the measured absorbance includes both attenuation of light beam due to scattering and
absorption. The measurement of the absorbance of light beam through a nanoparticle solution
can be used to determine the plasmon resonance wavelength. Moreover, from the absorbance
spectrum, the particle concentration and size distribution can be also estimated. The intensity of
light transmitted is related to the nanoparticles dispersed in the solution. From the Beer-Lambert
law, the transmitted light intensity can be written as
I = I 0 exp(−α ext l ) = I 0 exp(−Cext lN )
where αext is the extinction coefficient of nanoparticles, l is the optical path length
(cuvette width) through the solution, and N is the nanoparticle concentration. From above two
equations, the absorbance A can be written as a function of particle concentration N.
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A = α ext l = Cext lN = (Cabs + Csca )lN
where Cabs and Csca are absorption and scattering cross sections. The cross sections Cabs
and Csca can be calculated with knowing nanoparticle and solution medium. For example, the
absorption spectra of three samples A, B, and C are shown in Figure 2.12. The average Au
nanoparticle diameter is around 10 nm. Samples B and C are diluted with water in the ratio of
1:1 and 1:3, respectively. The cross sections of Au nanoparticles dispersed in water as a function
of radius are calculated and plotted in Figure 2.13. The extinction cross section is about 5.22×1013

cm2. Therefore, the nanoparticle concentration of samples A, B, and C are calculated to be

1.6×1012 cm-3, 7.8×1011 cm-3, and 3.8×1011 cm-3, respectively. The size of the nanoparticles is
obtained by microscopy techniques. However, the radius of the nanoparticles can be obtained
from absorbance as well, if initial Au concentration for synthesis is known [93]
−6

1  A (5.89 ×10
a =  sp
2  C Au exp(C1 )

)



1
C2

where Asp is the absorbance at resonance wavelength, CAu is the initial Au concentration
for synthesis, C1 and C2 are empirical parameters. Additionally, the Au concentration can be also
estimated as [93]
N=

A450 × 1014

  d − 96.8 
4a 2  −0.295 + 1.36 exp  − 


  78.2 


2


 
 

(#/ cm3 )

where A450 is the absorbance at 450 nm, the values in the equation are empirical values.
From this equation, the nanoparticle concentration of samples A, B, and C are 4.7×1011 cm-3,
2.5×1011 cm-3, 1.4×1011 cm-3, respectively. This equation can be adopted for other materials as
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well. In this project, the extinction cross section and absorbance will be used to estimate
nanoparticle concentrations.
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Figure 2.12 Absorption spectra of Au nanoparticles in water. Samples B and C are diluted with
water in the ratio of 1:1 and 1:3, respectively.
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Figure 2.13 Computed values for extinct, scattering, and absorption cross-sections for spherical
Au nanoparticles in water as functions of particle radius at the resonant wavelength 522 nm.
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2.5.

Device Fabrication and Characterization

2.5.1. Device Fabrication
The device fabrications are conducted by standard photolithography techniques. Major
steps including sample surface cleaning, photolithography, wet chemical etching, metallization,
lift off and rapid thermal annealing.
Sample Clean: the samples are cleaned by Trichloroethene, Acetone, and Methanol in
sequence. Samples are washed in each solvent for 3 minutes.
Photolithography: The devices are fabricated by two step photolithography. For the first
step, a sample is patterned and etched into square mesa structures. For the second step, the mesa
structures are patterned for metal deposition.
Metallization: An Edwards 306 E-beam evaporator is used for metallization. Typical ntype contact metal layers are AuGe/Ni/Au with 70 nm/20 nm/100 nm film thickness. On the
other hand, p-type contact layers are AuZn/Au (200 nm/100 nm) metal layers. Evaporation rates
are 0.3 nm/s. The AuGe is a eutectic with a Au:Ge = 88:12 weight percent distribution. The
deposition is conducted under vacuum (~4×10-6 torr).
Lift-off: Lift-off is generally used in patterning metal films for interconnections which
have the inverse pattern of the metal mask. After metallization, the sample is immersed in
acetone. Agitation is applied to promote lift-off.
Rapid thermal annealing: After the lift-off, the samples are annealed by a rapid thermal
annealer (RTA). Post-deposition annealing of contacts is used to form ohmic contacts.
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2.5.2. Photoresponse measurement
The photoresponse spectra of devices are measured by a Bruker IFS Fourier transform
infrared spectrometer and the current-voltage (IV) characteristics are measured by a Keithley
4200 SCS semiconductor analyzer. The samples are mounted on the cold finger of a Janis
Cryostat interfaced with a Keithley 428 current preamplifier and Lakeshore 311 temperature
controller. The current preamplifier is used to apply bias voltage and amplify output signals. The
device photoresponse as well as device IV characteristics are measured as a function of
temperature and bias voltage. The measurement setup is illustrated in Figure 2.9.

Figure 2.14 Schematic of a photoconductivity measurement setup. A calibrated MCT detector
with can be used for IR source spectrum measurement.
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2.5.3. Quantum efficiency measurement
The external quantum efficiency (EQE) measurements are conducted by using a Newport
IQE-200 measurement system. In this system, a 250 W QTH lamp is used as the light source.
The light is chopped at 30 Hz and then dispersed by a monochromator. The output light from
monochromator is separated and delivered to a pre-calibrated detector and test cell by a beam
splitter. The quantum efficiency of the test cell is calculated from the following equation:
QE =

hcI cell (λ )
eλ I ref (λ ) R(λ )

where h is Planck’s constant, Icell(λ) is the solar cell current,

Iref(λ) is the current

measured from a calibrated detector and R(λ) is the pre-calibrated responsivity of the reference
detector.

2.5.4. Finite element calculation of energy levels in nanostructures
The energy levels in nanostructures, such as quantum dots and rings, are calculated by a
finite element analysis model developed by Comsol Multiphysics®. This model solves
nanostructures with perfect cylindrical symmetry by effective mass approximation. To compute
the Eigenstates in the nanostructures, one can solve the 1-band Schrödinger equation
−

h2  1

∇ ⋅  ∇Ψ  + V Ψ = E Ψ
2
m


where ћ is reduced Planck’s constant, m is the electron or hole effective mass, V is the
potential energy, and Ψ is electron or hole envelope function. Given that the nanostructures have
cylindrical symmetry, the above equation can be re-written as
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h 2 ∂  1 ∂χ 
h 2 1 ∂  1 ∂χ 
−

 Φ (φ ) −

 Φ (φ )
2 ∂z  m ∂z 
2 r ∂r  m ∂r 
h 2 χ ∂ 2Φ
−
+ V χΦ (φ ) = E χΦ(φ )
2m r 2 ∂φ

here, Ψ is assumed to have a separable form in z, r and φ
Ψ ( x) = χ ( z , r )Φ (φ )

where r is the radial co-ordinate and φ is the azimuthal angle.
Dividing the equation by

Φ (φ ) χ
and rearranging it, which leads to
mr 2

 h 2 ∂  1 ∂χ n  1 h 2 1 ∂  r ∂χ n 
 h 2 ∂Φ 1
2
mr  −

 −

 + mr (V − E )  =
2
 2 ∂z  m ∂z  χ n 2 r ∂r  m ∂r 
 2 ∂φ Φ
2

h 2 ∂Φ 1
h2 2
n
=
−
2 ∂φ 2 Φ
2
where n is the quantum number for Φ to be a single-valued function. The equation here is
an instance of partial differential equation. Further description of the calculation can be found
from the work of Melnik and Willatzen [94].
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3. RESULTS OF MULTICOLOR PHOTODETECTORS BASED ON
NANOMATERIALS

3.1.

InAs/InGaAs/GaAs Quantum Dot-in-a-Well Three-Color Photodetector
Multicolor infrared photodetectors are of great interest due to high sensitivity and image

contrast, which is an important aspect for infrared systems for target acquisition in a complicated
background [15, 18, 95]. Here, our objective is to demonstrate a three-color detection using a
simple quantum dot-in-a-well structure in the active region. The quantum dots are grown by a
MBE system and the quantum dot morphology is determined by an AFM. The active region of
the detector structure consists of a ten periods of InAs (2 ML) quantum dot active layers. The
quantum dot layer is doped with Si (1×1017 cm-3) to supply electrons to the quantum dots. The
InAs quantum dots are capped with 20 ML In0.1Ga0.9As quantum wells. A 50 nm GaAs spacer is
used to separate each quantum dot layers. A dark current blocking barrier, which consists of 5
periods of 10 Å Al0.3Ga0.7As / x Å GaAs (x=10, 20, 30, 40, and 50 from bottom period to top
period) / 10 Å Al0.3Ga0.7As quantum wells, is grown before the active layer. The whole active
structure is sandwiched by a 500 nm GaAs bottom contact layer with [Si]=2 × 1018 cm-3 and a
300 nm GaAs top contact layer with [Si]=2 × 1018 cm-3. The device structure is shown in Figure
3.1.
The PL spectra of the sample measured at 77 K and 300 K are plotted in Figure 3.2. The
quantum dot ground state energy transition is measured to be 1.08 eV at 300 K and 1.18 eV at
77 K. Here, one distinct peak (FWHM=95 meV) is observed, which indicates relatively good
uniformity of the quantum dots.
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Figure 3.1 The device structure o f the tri-color quantum dot-in-a-well detector.
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Figure 3.2 Photoluminescence of the quantum dot-in-a-well sample measured at 77 K and 300 K.

The measured current-voltage characteristics of a typical device pixel at 300 K and 77 K
are shown in Figure 3.3. The positive bias is defined as the case that current flows from the top
contact to bottom contact. The device is fabricated in 500 µm × 500 µm mesa structure. The
current densities are 8.7 A/cm2 and 1.5×10-5 A/cm2 under a voltage bias of -0.5 V at 77 K and
300 K, respectively. The relatively low dark current is attributed slighted doped quantum dots.
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The I-V curves show a nearly symmetric structure of the device which indicates that the dark
current blocking barrier does not show noticeable effects on the dark current. The current
measured at negative bias voltages is slightly lower than that measured at positive voltages. This
can be explained by the diffusion of dopant from the highly doped bottom contact layer to barrier
during high temperature growth, which undermines the effect of the barrier. The dark current
rapidly increase with bias voltages, which be attributed to lowering of the potential barriers and
field-assisted tunneling.
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Figure 3.3 The current-voltage characteristics of the quantum dot-in-a-well detector measured at
300 K and 77 K.

The MWIR photoresponse spectra are measured with a MWIR source and KBr
beamsplitter. Voltage-dependent photoresponse spectra with two peaks (~5.5 and 7.5 µm) were
obtained at 77 K as shown in Figure 3.4. The photoresponse spectra show similar intensity under
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negative and positive bias voltages, which agrees with the symmetric structure of dark current
curves. Moreover, both peaks are observed at positive and negative bias voltages. Comparing
the photoresponse spectra with the calculated energy levels of the bound electrons in the
quantum dot-in-a-well structure as shown in Appendix A, response at 5.5 µm can be assigned to
the transition from the ground state to the continuum, E0c=Ec-E0=237 meV (5.2 µm). On the
other band, the response peaking at 7.5 µm is due to the transition from the ground energy level
to the energy level in the quantum well, E02= E2-E0=160 meV (7.75 µm). The quantum well
confinement level is close to the quasi-bound state in the quantum-dot. Due to high escape
possibility for the photon-excited electrons in the quantum well energy level and continuum, the
electrons from the two transitions can be efficiently collected at both negative and positive
applied bias voltages. While applied bias is increased, the photocurrent is observed to increase
which is in agreement with Ryzhii’s theoretical QDIP model [96]. However, at zero bias voltage,
only the peak at 5.5 µm is observed, as shown in the inset of Figure 3.4. This can be explained by
the confined nature of the energy level in the quantum well. The calculated energy level in the
quantum well is 77 meV from the GaAs conduction band edge. This energy barrier has prevented
the escape of electrons at zero bias voltage. The photovoltaic operation of the photodetector may
be due to build-in field generated from asymmetric band structure of quantum dots [97].
The visible-NIR photoresponse spectra are measured with an NIR source and a quartz
beamsplitter. The photoresponse spectra measured for various bias voltages are shown in Figure
3.5. The visible-NIR spectral photoresponse covers a wide wavelength range from 0.5 µm in the
visible to 1.0 µm in the NIR. Similar to the MWIR band, photovoltaic operation is observed.
After applying bias voltages, the response intensity dramatically increases. This visible band is
from the interband transition from GaAs which the NIR band beyond GaAs bandgap is attributed
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to interband transitions from InAs/ In0.1Ga0.9As dot-in-a-well structure, which occur between
hole energy levels and the electron energy levels of quantum dot-in-a-well [98]. To obtain
further information on the interband transition from InAs/ In0.1Ga0.9As dot-in-a-well structure,
the magnified spectral response in the NIR region is shown in the inset of Figure 3.5. Comparing
the photoluminescence spectrum at 77 K, which gives an emission peak at 1.05 µm, and the NIR
photoresponse, it is safe to conclude that the interband transitions are from the excited states in
the dot-in-a-well structure. From the theoretical calculation, the peaks at 840 nm and 855 nm are
from In0.1Ga0.9As quantum well or wetting layer and the peak at 900 nm is due to transition from
hole levels to the second excited energy level. The transition from ground energy levels are not
observed which is because of low escape rate of deeply confined electrons. As shown in the inset
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in Figure 3.5, the response intensity decreases dramatically, as the energy barrier increases.
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Figure 3.4 MWIR photoresponse spectra of the detector measured under various bias voltages at
77 K.
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Figure 3.5 NIR photoresponse spectra of the quantum dot-in-a-well detector measured at 77 K
under various bias voltages.

In conclusion, a three-color photodetector is reported from an InAs/ In0.1Ga0.9As dot-in-awell structure. The MWIR detection bands are observed due to intersubband transition from the
ground energy level in the QD to the energy state in the QW and the continuum. The other band
covers the visible-NIR wavelength region, which is assigned to different interband transitions
from the InAs/ In0.1Ga0.9As/GaAs dot-in-a-well structure.
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3.2.

Multicolor Photodetector Based on Strain-Free Nanostructures

3.2.1. Strain-free GaAs/Al0.3Ga0.7As Dual-band Quantum Ring Photodetector by Droplet
Epitaxy
In order to obtain high detectivity photodetectors, it is desirable to increase optical
absorption in a device. The conventional quantum dots are grown by S-K growth mode, which
are self-assembled from the strain due to lattice mismatch in the system. The number of quantum
dot layers is limited by the strain from lattice mismatched materials because various defects can
be generated from accumulated strain and then increase the dark current [99, 100]. Therefore, it
is not favorable to stack a large number of strained quantum dots in order to improve the
absorption. Hence, the quantum efficiency of In(Ga)As/GaAs quantum dot infrared
photodetectors is low [101].
Although the strained quantum dots may undermine the advantages of quantum dot
infrared photodetectors, the self-assembled lattice mismatched In(Ga)As/GaAs quantum dots
have been widely seen in infrared photodetector applications. On the other hand, nanostructures
made from lattice-matched material systems, such as GaAs/AlGaAs, have not been well studied
for practical applications. In this project, we report on the visible-NIR and MWIR photodetection
obtained for a photodetector fabricated from strain-free GaAs quantum rings sandwiched
between lattice-matched Al0.3Ga0.7As barrier layers.
The ring-shaped GaAs nanostructure is grown on lattice-matched Al0.3Ga0.7As by a MBE
system on a (100) semi-insulating GaAs substrate. An n-type GaAs contact layer of 0.5 um with
Si doped to 1×1018 cm-3 was grown at 580 °C after growth of a 500 nm thick GaAs buffer layer.
An Al0.3Ga0.7As spacer layer of 30 nm is deposited as a spacer. Subsequently, As-valve is fully
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closed and the substrate temperature is cooled down to 300 °C. Subsequently, Gallium coverage
of 11 monolayers (MLs) is supplied at a growth rate of 1 ML/second to form Gallium droplet.
The sample was then crystallized for 40 seconds with As valve fully open (As equivalent beam
flux = 1×10-5 Torr) to form GaAs quantum rings. The formed GaAs rings are doped with Silicon
to 1×1018 cm-3. Subsequently, the substrate temperature is ramped back to 580 °C and capped
with another 30 nm Al0.3Ga0.7As spacer layer. The GaAs/Al0.3Ga0.7As layer is repeated for five
times. An n-type GaAs top contact layer of 250 nm with Si doped to 1×1018 cm-3 is grown to
finish the entire structure. An uncapped double ring structure is imaged by the AFM, as shown in
Figure 3.6. The inner ring can be as high as 17 nm and the typical height of outer rings is about
6 nm. The diameter of inner ring and outer ring is about 100 nm and 250 nm, respectively.

Figure 3.6 AFM image of an uncapped GaAs/Al0.3Ga0.7As strain-free quantum ring sample. The
scale bar is 400 nm and the image Z-scale is 20 nm.
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The quantum ring photodetector is fabricated into pixels with area of 500 × 500 µm2
using standard processing techniques. The defined detector pixels have a normal incidence
window. After device packaging, photoresponse spectra are measured using the FT-IR under
normal incidence configuration. Two different setups are used for spectral measurements: a NIR
source and a Quartz beamsplitter are used for visible-NIR band measurement while a MWIR
source and a KBr beamsplitter are used for the MWIR band measurement.
The PL for the quantum ring sample measured at 77 K is shown in Figure 3.7. The PL
measurements are performed using the BOMEM DA8 FT-IR spectrometer. The excitation laser
wavelength and power is 532 nm and 50 mW, respectively. The GaAs quantum ring ground state
energy transition is measured to be ~1.52 eV. This energy is slightly higher than the bulk GaAs
bandgap at 77 K (Eg=1.50 eV). The weak peak is also present at 1.40 eV. This peak may be due
to an emission from defect states formed in the GaAs quantum rings. The quantum rings are
fabricated by droplet epitaxy at a low growth temperature, 300 °C, which is lower than the
typical growth temperature (580 °C) of GaAs using MBE technique. Low temperature GaAs
grown by MBE has many native defects, such as vacancies and antisite related defects [102, 103]
and thus the PL peak at ~1.4 eV is most likely due to recombination centers associated with Ga
vacancies [104, 105].
The dark current density at 77 K and 300 K is shown in Figure 3.8. The dark current was
normalized with the area of the fabricated device. The low dark current may due low doping
level in GaAs quantum rings and undoped Al0.3Ga0.7As barriers while the rapid dark current
increase around ±3.5 V is attributed to the field-assisted tunneling.
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Figure 3.7 Photoluminescence spectrum of the quantum ring sample measured at 77K.

The photoresponse spectra measured at 77 K using the visible-NIR setup are shown in
Figure 3.9. The NIR spectra are obtained for different bias voltages from -1.5 V to 1.5 V. The
photoresponse intensity increases with bias voltage. Two broad bands covering visible (500 nm –
660 nm) and NIR (700 nm – 830 nm) regions are observed. The visible band may be due to
interband transitions from Al0.3Ga0.7As spacers and the NIR band is attributed to interband
transitions from GaAs quantum rings. The broad band observed around 645 nm (1.922 eV) also
matches the calculated L-minimum band gap and thus the indirect interband transitions can not
be ruled out [106]. The photoresponse peak at ~820 nm is from the transition from ground states
in GaAs quantum ring, which is in agreement with the PL measurement.
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Figure 3.8 Dark current density of the GaAs quantum ring photodetector measured at 77 K and
300 K. Reprinted with permission from [J. Wu, Z. Li, D. Shao, M. O. Manasreh, V. P. Kunets, Z.
M. Wang, G. J. Salamo and B. D. Weaver, "Multicolor photodetector based on GaAs quantum
rings grown by droplet epitaxy," Appl. Phys. Lett., vol. 94, pp. 171102, 2009.]. Copyright [2009],
American Institute of Physics.
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Figure 3.9 Photoresponse spectra measured for the GaAs/Al0.3Ga0.7As multiple quantum rings
detector under different bias voltages at 77 K. Reprinted with permission from [J. Wu, Z. Li, D.
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The photoresponse spectra of the photodetector is studied as a function of temperature,
which is shown in Figure 3.10. All spectra were obtained with a fixed bias voltage of 1.5 V. The
red shift of the spectra is due to the decrease of the bandgap with increase of temperature, which
can be explained by the crystal lattice expansion and the interatomic bonds weakening as the
temperature increasing [107]. A peak (~820 nm) started becoming dominant when temperature
beyond 200 K. This peak is attributed to transitions from hole excited energy levels to electron
excited energy levels in the quantum ring structure. As temperature increases, the electron
ground state of GaAs ring is filled with more electrons which weaken the ground states interband
transition. It is also clear from this figure that the photoresponse increases as a function of
temperature. Due to a higher conductivity and thermally assisted interband transitions, the
overall photoresponse intensity increases with temperature and saturates at 260 K [108].
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Figure 3.10 Photoresponse spectra of the GaAs quantum rings detector measured at different
temperature with a bias voltage of 1.5 V. Reprinted with permission from [J. Wu, Z. Li, D. Shao,
M. O. Manasreh, V. P. Kunets, Z. M. Wang, G. J. Salamo and B. D. Weaver, "Multicolor
photodetector based on GaAs quantum rings grown by droplet epitaxy," Appl. Phys. Lett., vol.
94, pp. 171102, 2009.]. Copyright [2009], American Institute of Physics.
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Besides the observation of the photoresponse in the visible-NIR spectral region due to the
from interband transitions, a MWIR photoresponse band is measured in the wavelength region of
3.5 – 5.5 µm as shown in Figure 3.11. The MWIR spectra are measured using the MWIR setup
with normal incidence configuration under different bias voltages at 77 K. This MWIR
photoresponse band results from the intersubband energy transitions in the conduction band of
GaAs/Al0.3Ga0.7As quantum rings. The photoresponse spectra show several peaks, which may be
attributed to the GaAs quantum ring height variation. The quantum ring height variation leads to
different energy separations between the quantized energy levels, which leads to the different
intersubband transitions in the quantum rings. The transitions from the different energy levels to
the continuum in quantum rings may also attribute to these peaks. The main photoresponse
intensity peak is at λp=5 µm. The wavelength separation from cut-on (4.0 µm) and cut-off
wavelengths (5.5 µm) for the full width at half maximum is 1.5 µm, which gives ∆λ/λp=30% and
the broad photoresponse spectra most likely come from bound-to-continuum transitions [109]. In
addition, the transition energy from the electron ground state in the quantum ring to the
continuum transition energy is calculated to be about 0.211 eV, which also indicates that the
photoresponse spectra originate from bound-to-continuum transitions. The calculated electron
energy levels in the quantum rings are shown in Appendix B. Moreover, the photoresponse of
MWIR band has been investigated as a function of temperature as shown in Figure 3.12. The
photoresponse remains observable at a temperature as high as 120 K. Different from the visibleNIR band, the photoresponse intensity decrease dramatically with increasing temperature. This
decrease in photoresponse is due to phonon-induced relaxation of photoexcited electrons.
In conclusion, we have demonstrated strain-free infrared photodetector based on quantum
rings using droplet epitaxy technique. Normal incidence operation is achieved due to the three66

dimensional quantum confinement in the GaAs quantum rings. Multiband photoresponse spectra
covering the visible (500 nm – 660 nm), NIR (700 nm – 830 nm), and MWIR (4.0 – 6.0 µm )
bands have been observed in the quantum ring photodetector. The visible and NIR band are
observed at an operating temperature as high as 300 K while the MWIR band is observed below
120 K.
Part of this chapter was published in J. Wu, Z. Li, D. Shao, M. O. Manasreh, V. P.
Kunets, Z. M. Wang, G. J. Salamo and B. D. Weaver, "Multicolor photodetector based on GaAs
quantum rings grown by droplet epitaxy," Appl. Phys. Lett., vol. 94, pp. 171102, 2009. [103,
110].
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Figure 3.11 MWIR photoresponse spectra measured for the GaAs quantum rings detector at 77 K
with various bias voltages. Reprinted with permission from [J. Wu, Z. Li, D. Shao, M. O.
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Figure 3.12 MWIR photoresponse spectra of the quantum ring detector measured as a function of
temperature with a fixed bias voltage of -1.5 V.
3.2.2. Intersublevel Infrared Photodetector with Strain-Free GaAs Nanostructures Grown
by High Temperature Droplet Epitaxy

As mentioned in the previous section, one of the major disadvantages of quantum selfassembled quantum dots grown by S-K growth mode is the various defects caused by
accumulated strain in the materials. Compared with traditional S-K three-dimensional growth
mode, droplet epitaxy is novel three dimensional growth mode for nanostructures from latticemismatched materials as well as lattice-matched materials [111-115]. By using droplet epitaxy,
lattice-matched GaAs/AlGaAs quantum dot laser and quantum ring photodetector have been
reported [110, 116]. Although droplet epitaxy has demonstrated potential for optoelectronic
devices, the widely-used low temperature growth makes it unfavorable for high quality
crystalline material growth. For example, point defects introduced by excess arsenic during low
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temperature growth [117]. By raising a high growth temperature, strain-free laterally aligned
quantum dots are reported by using droplet epitaxy technique, which provides new possibilities
for high performance optoelectronic devices [118]. In this project, GaAs/Al0.3Ga0.7As lateral
aligned quantum dots are grown by high temperature droplet epitaxy technique. A photodetector
structure incorporated with strain-free GaAs/Al0.3Ga0.7As quantum dots is grown by following
procedures.
The GaAs quantum dot photodetector sample is grown on a (100) semi-insulating GaAs
substrate by the MBE technique. After standard oxide desorption and buffer layer growth, an 0.5
µm thick n-type GaAs layer with Si doped to 2×108 cm-3 is grown at 580 °C as bottom contact
layer and then an Al0.3Ga0.7As layer of 50 nm thickness is deposited as a spacer. Subsequently,
As-valve is fully closed and at the same time, the substrate temperature is cooled down to 550
°C. Gallium coverage of 12 ML (monolayer) based on an equivalent amount of GaAs on (100)
orientation is supplied to form droplets. These Gallium droplets are then crystallized into GaAs
quantum dots by supplying As4 flux of ~1.2×10-5 torr at the same temperature for 2 minutes. The
GaAs quantum dots are doped to ~5×1017 cm-3 by providing silicon during droplet formation.
The substrate temperature is ramped back to 580 °C and then capped with another 50 nm
Al0.3Ga0.7As spacer layer. Ten stacked layers of GaAs/ Al0.3Ga0.7As are repeated to form the
active region of the photodetector. After the active region, a 300 nm n-type Al0.3Ga0.7As top
contact layer with Si doped to 3×1018 cm-3 is grown followed by 5 nm Si doped GaAs for
making the top ohmic contact as well as protecting Al0.3Ga0.7As from oxidation.
In order to image the quantum dot surface morphology, a separated uncapped GaAs
quantum dot sample is grown under same conditions and imaged by the AFM. The AFM images
of the uncapped GaAs sample are shown in Figure 3.13. Laterally aligned GaAs quantum dots
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along [0-11] are observed because the crystallization of Gallium droplet is anisotropic. The
Gallium adatoms favor diffusion along the [01-1] direction compared with [011] due to a lower
diffusion Energy barrier along [01-1]. In particular, this anisotropic diffusion of adatoms is
enhanced at the crystallization temperature as high as 550 °C. As a result, traditional ring-shaped
nanostructures grown by low temperature droplet epitaxy evolve into laterally aligned quantum
dots. The density of the coupled quantum dots is estimated to be 1.3×108 cm-2. Each pair of
quantum dots consist of a small and a big quantum dot instead of identical quantum dots as
shown in the AFM cross-sectional profile of a pair of aligned quantum dots (Figure 3.6). The
average height of dots is estimated to be 9 nm and the base diameters are about 200 nm (big
dots) and 150 nm (small dots), respectively, as shown in Figure 3.6.

Figure 3.13 (a) A 5 µm × 5 µm three-dimensional AFM image of uncapped GaAs quantum dots
grown at 550 °C by droplet epitaxy technique. (b) Cross-sectional profile along [1-10] direction
(left) and a two-dimensional AFM image of aligned GaAs quantum dots (right). Adapted with
permission from (J. Wu, D. Shao, V. G. Dorogan, A. Z. Li, S. Li, E. A. Decuir, M. O. Manasreh,
Z. M. Wang, Y. I. Mazur and G. J. Salamo. Intersublevel infrared photodetector with strain-free
GaAs quantum dot pairs grown by high-temperature droplet epitaxy. Nano Lett. 10(4), pp. 1512–
1516. 2010.) Copyright (2010) American Chemical Society.
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Continuous wave and time-resolved PL techniques are used to gain an insight into the
optical properties as well as electronic structure of the GaAs quantum dots. The continuous wave
PL measurements are performed using the 532 nm excitation from a Nd: YAG lasers with spot
diameters at the sample of 20 µm and 2 mm. For the time-resolved PL measurements, a modelocked Ti: sapphire laser is used to produce an optical pulse (2 ps width) at 76 MHz and a C5680
camera with an IR enhanced cathode is used to detect emission. The time-resolved PL
measurements has a time resolution of 15 ps and the measurement temperature is ~10 K. Figure
3.14 demonstrates the photoluminescence spectrum of the GaAs quantum dot sample under 50
mW laser excitation at 532 nm using the FT-IR spectrometer at 77 K. Two peaks are presented at
1.53 eV and 1.71 eV. With the purpose of understanding the origin of the PL peaks, excitation
power intensity dependent PL spectra from I0=1.2 mW/cm2 to 1.3×107×I0 are measured and
shown in Figure 3.15. For excitation power-dependent measurements, a photoluminescence
setup with a laser spot size of 20 µm is used. At low excitation intensity I0, two peaks at the 1.53
eV and 1.71 eV are shown in the PL spectrum. The PL spectra change significantly with
increasing excitation intensity. When the excitation intensity increases to 16×I0, three peaks at
1.50 eV, 1.58 eV and 1.90 eV start to appear. Moreover, a blue-shift is observed with increasing
excitation intensity. As the excitation intensity further increases to 106×I0, another peak at 1.67
eV appears. The peaks at 1.50 eV and 1.90 eV are attributed to GaAs substrate and Al0.3Ga0.7As
barriers, respectively. The peaks at 1.53 eV and 1.58 eV are assigned to ground states E1→HH1
transition from the two GaAs QDs within each QDP. The peaks at 1.67 eV and 1.71 eV
correspond to excited states in the GaAs QDPs. The very broad emission peak around 1.71 eV
may consist of multiple interband transitions in QDs and the blue-shift (from 1.71 eV to 1.80 eV)
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of this peak position with increasing excitation intensity is attributed to the filling of higher
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Figure 3.14 Photoluminescence of GaAs quantum dots measured with an excitation of 532 nm at
77 K.

Figure 3.16 shows the PL decay transients measured for detection wavelengths λdet=810
nm (1.53 eV) under various excitation intensities with excitation wavelength λexc=750 nm (1.65
eV). The time resolved PL demonstrates bicomponent exponential electron relaxation in natural
log scale, which may be due to the processes involving the dark-exciton state [119]. As the QDs
of each pair is laterally ~100 nm apart, the coupling of the two QDs may be ruled out.
 t − t0
Biexponential fitting, y = y0 + As exp  −
ts


 t − t0

 + Af exp  −

 tf


 , is used to obtain the exciton


life time. In the fitting equation, y0, As, and Af are the fitting parameters, while ts and tf are the
slow and fast exciton decay time, respectively. As shown in the inset of Figure 3.16, for different
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excitation intensities, the slow decay time is from ~0.3 ns to ~0.7 ns while the fast decay time is
around ~100 ps. The large error at low excitation intensity is introduced by the relatively low
signal amplitudes. Since bi-exponential decay is observed for all excitation powers, the filling of
excited states can also be excluded. Even though the ground state of the small QDs can also be
excited, the possibility of transferring excitons from small QDs to large QDs is small due to the
large spatial separation. Therefore, the fast exciton decay time is due to the recombination of the
bright state while the slow decay time is due to the dark state. Carrier relaxation times the QDPs
are longer than the typical time measured for QWs (1–10 ps) and in the similar range with that
measured from S-K quantum dots (~1 ns) [32].
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Figure 3.15 Continuous wave PL spectra measured with various laser excitations at 10 K. The
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V. G. Dorogan, A. Z. Li, S. Li, E. A. Decuir, M. O. Manasreh, Z. M. Wang, Y. I. Mazur and G. J.
Salamo. Intersublevel infrared photodetector with strain-free GaAs quantum dot pairs grown by
high-temperature droplet epitaxy. Nano Lett. 10(4), pp. 1512–1516. 2010.) Copyright (2010)
American Chemical Society.
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For further understanding of the nature of the electronic energy levels in the QDPs,
photoluminescence excitation (PLE) and visible-near IR photoconductivity studies are carried
out. A tunable Ti: sapphire laser is used for the PLE measurement and a Bruker IFS 125HR
Fourier-transform infrared (FTIR) spectrometer with a visible-near IR source is used for
photoconductivity measurement. For photoconductivity measurement, the QDPs sample is
fabricated into normal incidence configuration photodetector with pixels of 500 × 500 µm2 by
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using standard photolithography techniques. Ohmic contacts are formed by evaporating and
rapid thermal annealing of Au0.88Ge0.12/Ni/Au metals. Figure 3.17 (a) shows low excitation PL
and PLE spectra obtained for detection at 812 nm. Due to restrictions by the experimental setup,
the PLE is only able to resolve spectral range between 1.62 eV to 1.80 eV. Three resolved peaks
are observed at ~1.66 eV, ~1.71 eV, and ~1.76 eV, which are about 130 meV, 180 meV, and 230
meV above the ground-state transition. These PLE peaks are well matched to the broad PL peak
at ~1.75 eV, which verifies that this broad peak consists of multiple excited states. The interband
photoconductivity spectra under bias voltages of 0.0 V and -1.0 V are shown in Figure 3.17 (b).
Compared with PL spectra in Figure 3.15, the broadband peak at ~1.52 eV under zero bias may
be attributed to the transitions from the ground energy levels of two GaAs QDs within each QDP
and low order excited states. Peaks around ~1.62 and ~1.70 eV under zero bias correspond to the
PL peaks at ~1.67 eV and the broadband peak at 1.71 eV – 1.80 eV. However, with increasing
electron injection, the interband transitions from high energy excited states become dominate due
to occupancy of low energy levels by electrons. These observed excited states from PLE and
photoconductivity are in agreement with PL measurement.
Figure 3.18 shows the photodetector dark current density measured at 80 K and 300 K.
The dark-current density is measured by using a Keithley 4200-SCS Semiconductor Parameter
Analyzer. Positive bias corresponds to electron collection from the top contact and injection by
the bottom contact. The dark current curves show asymmetric characteristics at both 80 K and
300 K, which is most likely caused by the asymmetric device structure of the QDP
photodetector. At a bias voltage of 1 V, the dark current densities are measured to 5.6×10-8
A/cm2 at 80 K and 5.76×10-5 A/cm2 at 300 K, respectively. The relatively low dark current may
be due to thick Al0.3Ga0.7As barriers, which also affect photocurrent. For In(Ga)As QDIPs, a
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thick GaAs spacer (normally 50 nm) is needed for subsequent QD growth. Without the
restriction of strain, the performance of QDP photodetector can be optimized by properly
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Figure 3.17 (a) Low intensity PL spectrum and PLE spectrum measured at 10 K. (b) Visible-near
IR photoconductivity spectra measured under bias voltages of 0.0 V and -1.0 V at 300 K. The
arrows indicate the transition peaks. Adapted with permission from (J. Wu, D. Shao, V. G.
Dorogan, A. Z. Li, S. Li, E. A. Decuir, M. O. Manasreh, Z. M. Wang, Y. I. Mazur and G. J.
Salamo. Intersublevel infrared photodetector with strain-free GaAs quantum dot pairs grown by
high-temperature droplet epitaxy. Nano Lett. 10(4), pp. 1512–1516. 2010.) Copyright (2010)
American Chemical Society.
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The MWIR photoresponse spectra are measured using the FTIR spectrometer with a
MWIR source. All photoresponse spectra are measured in the normal incidence configuration.
Broadband photoresponse spectra are observed in the mid infrared spectral range covering 3.0 –
8.0 µm as shown in Figure 3.19. The spectra are measured at 80 K for bias voltages between 0.4
V and -1.4 V. This MWIR photoresponse is a result of the intersublevel transitions within the
conduction band of GaAs/ Al0.3Ga0.7As QDPs. Under positive bias, with increasing applied
voltage, the photoresponse intensity increases because of field-assisted tunneling of photoexcited electrons. The main photoresponse intensity peak is measured at λp=5.5 µm (225 meV)
with a large full width at half maximum (FWHM). For example, the FWHM ∆λ is ~2.1 µm at
Vbias=0.4 V, which leads to ∆λ/ λp=38%. Under negative bias, the response is found insensitive
to applied voltages and a second peak appears at around 3.5 µm (354 meV) at negative bias
voltages. In addition, the transition wavelength corresponds to a larger energy separation than the
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energy transition levels measured by photoluminescence and interband conductivity
measurements. Therefore, such a large spectral width and large energy separation may be due to
bound-to-continuum transitions. The mid infrared photoresponse spectra disappear when the
temperature is raised above 80 K. The relatively low temperature operation may be due to the
low density of QDPs, which, in this letter, is about two orders lower than the density of QDs
grown by S-K mode. The performance, such as operation temperature, of the QDPs
photodetector at mid infrared band may be further improved by increasing QDP density. One
way to improve QDP density is modification of substrate surface energy. For example, highdensity Ga droplets (2×1010 cm-2 at 300 °C and 2.3×109 at 400 °C) and GaAs quantum dots
(~1.6×1011 cm-2 at 200 °C and 3.0×109 cm-2 at 500 °C) have been reported using high index
GaAs substrates [120, 121]. Additionally, as a result of zero strain in the QDPs, multiple
depositions or multiple layers can be grown in order to increase density of QDPs.

In conclusion, strain-free GaAs QDs have been grown by high temperature droplet
epitaxy. PL technique, PLE, and visible-near infrared photoconductivity have revealed several
confined energy states in the QDPs. Excited electron lifetimes have been measured by time
resolved photoluminescence under various excitation powers. A prototype photodetector with ten
stacked layers of QDPs is fabricated into normal incident configuration. Mid infrared
photoresponse and intersublevel transitions are observed from the QDPs photodetector. The mid
infrared spectrum covers 3 µm to 8 µm at 80 K. As a result of the formation of three-dimensional
nanostructures, normal incidence operation is realized in the quantum dot pairs detector
compared with conventional quantum well infrared detectors. Moreover, the present method of
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employing strain-free quantum dots is applicable to long wavelength infrared detector, high
efficiency intermediate band solar cell, as well as light emission devices.
Part of this section was published in J. Wu, D. Shao, V. G. Dorogan, A. Z. Li, S. Li, E. A.
Decuir, M. O. Manasreh, Z. M. Wang, Y. I. Mazur and G. J. Salamo. Intersublevel infrared
photodetector with strain-free GaAs quantum dot pairs grown by high-temperature droplet
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epitaxy. Nano Lett. 10(4), pp. 1512–1516. 2010. [122].
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Figure 3.19 MWIR photoresponse spectra measured under both positive and negative bias
voltages at 80 K.
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3.3.

Voltage-Tunable Multicolor Quantum Dot Photodetectors

Quantum dots have demonstrated potential for high performance photodetectors,
however, the detection wavelength of them is much more difficult to control compared with
quantum well photodetectors which is undesirable for multicolor detection application [95]. On
the other hand, photodetectors with voltage-tunable wavelength detection are highly desirable for
many applications including temperature registration, solid-state spectrometers, target
discrimination, and chemical analysis [34]. Due to the nature of self-assembly of quantum dot,
voltage-tunable multicolor photodetection is generally difficult to achieve [123]. There have
been many methods in realizing voltage-tunable multicolor photodetectors, including bimodal
QD size distribution, different capping materials, and multi-stack detectors [34, 124, 125].
Compared with quantum dot only structure as the absorber, quantum-dots-in-a-well structures
have been investigated as a promising candidate for high performance MWIR and LWIR
detection due to a better control over the operating wavelength [126].
In order to tune the operating wavelength by voltage as well as further decrease dark
current, we propose a novel QDIP incorporated with additional cascade barriers. We have
demonstrated a voltage-tunable multicolor detector after incorporate a quantum-dots-in-a-well
structure with a cascade barrier on one side of absorption region. The novel device design
selectively collects photon-generated current as well as decreases dark current.
Similar to the quantum dot-in-a-well structure in section 3.1, the active region of the
detector structure consists of a ten periods of InAs (2 ML) quantum dot which is doped with Si
(1×1017 cm-3). The InAs quantum dots are capped with 20 ML In0.1Ga0.9As quantum wells and
10 nm GaAs. Same current blocking barrier, which consists of 5 layers of 10 Å Al0.3Ga0.7As / x
Å GaAs (x=10, 20, 30, 40, and 50 from top period to bottom period) / 10 Å Al0.3Ga0.7As
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quantum wells, is grown with each period of quantum-dot-in-a-well structure distinct from the
previous quantum dot-in-a-well sample. The whole active region is also sandwiched by a 500
nm GaAs bottom contact layer and a 300 nm GaAs top contact layer with [Si]=2 × 1018 cm-3.
Figure 3.20 shows the schematic of the device structure of one period as well as the
calculated energy levels. The energy levels in the quantum dot-in-a-well structure are calculated
by COMSOL as shown in Appendix A and the energy levels in the barriers are calculated by
solving one-dimensional Poisson and Schrodinger equations.
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Figure 3.20 Bandstructure diagram and calculated energy levels of the dot-in-a-well structure
with cascade barrier. The Insert is a schematic of a fabricated device.

The asymmetric dark current-voltage characteristics were shown in Figure 3.21. Low
dark current has been observed at positive bias voltages. For example, when the bias voltage is
−0.5V (+0.5 V), the dark current is 2.7×10−8 A/cm-2 (1.0×10−4 A/cm-2). This asymmetry of
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current-voltage profile is due to the existence of the GaAs/AlGaAs barriers which are only
grown on one side of the dot-in-a-well structure. It also shows that the dark current-voltage
profile has a few steps. The abrupt current increase is due to the resonant tunneling of electrons
at certain bias voltages, which also indicates the effects of the GaAs/AlGaAs barrier layers.
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Figure 3.21 Dark current density of the quantum dot-in-a-well photodetector at different
temperatures.

The MWIR photoresponse spectra measured under positive bias voltage is shown in
Figure 3.22. The spectral response peaked at ~5.0 µm is obtained. The photoresponse spectra
cover a broad wavelength range from 3.5 µm to 5.5 µm, which generally is attributed to
transitions from a bound state to continuum. From the calculation displayed in Figure 3.22, the
energy transition from the electron ground state to continuum is 237 meV, which corresponds to
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a detection peak at 5.2 µm. Therefore, the MWIR response band centered at ~5.0 µm is clearly
from ground state to continuum transition.
At negative bias voltages, the spectral response peak is shifted to ~7.5 µm as shown in
Figure 3.23.

Compared with photoresponse spectra obtained at positive bias voltages, the

spectral linewidth is narrower. The FWHM ∆λ of the photoresponse peaked at ~5.0 µm is
measured to be is ~1.6 µm at bias voltage 1.0 V, which leads to ∆λ/ λp=32 %. On the other hand,
the FWHM ∆λ of the photoresponse peaked at 7.5 µm is ~0.8 µm at bias voltage -0.25 V and ∆λ/
λp=11 %. The narrow photoresponse spectral width of the peak at 7.5 µm is due to the bound-to-

bound transition in the quantum dot-in-a-well structure. Again, from the calculation displayed in
Figure 3.22, the energy transition from the electron ground state E0 to the energy level E2 is 160
meV, which is in good agreement of the measurement.
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Figure 3.22 MWIR photoresponse spectra under positive bias voltages at 77 K.
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Figure 3.23 MWIR photoresponse spectra under negative bias voltages at 77 K.

Figure 3.24 Schematics of energy band diagram and of the dot-in-a-well structure under positive
and negative bias voltages.

It is interesting that the photoresponse peak is easily switched between positive and
negative bias voltages, which make it attractive for voltage-tunable multicolor detector
applications. The spectral photoresponse dependence with bias voltages may be explained by the
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asymmetrical current-blocking barrier and dot-in-a-well structure. At negative bias voltage, the
barrier for the energy level E2 is lowered and thus the electron escaping rate increases. On the
other hand, the relative large barrier at positive bias voltages prevents the photo-excited electron
from escaping into continuum and only the electrons being excited to continuum are collected.
However, the electrons being excited to continuum can only be further collected to device
terminal at relatively high bias voltages until energy levels in the barriers are aligned.
A broad band vis-NIR band photoresponse is also observed. Figure 3.25 shows the visNIR photoresponse measured at 300 K. The peaks observed below the GaAs bandgap (870 nm)
are because of transitions from the hole energy levels to the electron energy levels. The small
shoulder at 1130 nm is attributed to transition from heavy hole ground energy level to electron
ground energy level (HH0 → E0). This argument is supported by the photoluminescence
spectrum plotted in Figure 3.25. The peaks at 916 and 970 nm are due to the transition from
excited heavy hole (or light hole) states to excited states E1 and E2. The intensity of spectral
response at 916 and 970 nm is much higher than that of the photoresponse at 1130 nm because a
lower energy barrier for photo-excited electrons. The broad-band photoresponse in the
wavelength range from 870 nm to 500 nm is due to the transitions from continuum states.
The vis-NIR band photoresponse is investigated under various bias voltages at 77 K.
Figure 3.26 shows the photoresponse spectra measured under negative bias voltages. Compared
with the photoresponse spectra measured at room temperature, the peak from ground state
transitions is not presented in the spectra. This is due to the suppressed thermal escaping rate of
electrons. For the same reason, the photoresponse peaks from transitions in the quantum dots
become less pronounced compared with the photoresponse band due to transitions from
continuum states. Moreover, the transitions in the GaAs/AlGaAs have been observed in the
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photoresponse spectra. As bias voltage increases, the photoresponse intensity shows a strong
voltage-dependence as a result of the field-assisted tunneling of electrons. At negative bias
voltages, the injected electrons into a barrier rapidly cascade to next periods through phonon
scattering. Under positive bias voltages, the photoresponse intensity also increases as a function
of voltages. However, the increase in photoresponse intensity is slower because the energy
barriers between the energy levels in the GaAs/AlGaAs barriers effectively reduce the charge
transport. This also explains much lower dark current and photoresponse intensity at positive
bias voltage, as evidenced in Figure 3.21 and Figure 3.27.
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Figure 3.26 Visible-NIR band photoresponse spectra measured under negative bias voltages at
77 K.
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Figure 3.27 Visible-NIR band photoresponse spectra measured under positive bias voltages at 77
K.
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To sum up, a voltage-tunable multicolor photodetector has been fabricated. The
GaAs/AlGaAs superlattice barriers account for the low dark current and voltage tuning
photoresponse of the photodetector.
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4. COUPLING OF SURFACE PLASMON TO PHOTOVOLTAIC MATERIALS
AND DEVICES

4.1.

Surface Plasmon Assisted Photoluminescence Enhancement in InAs Quantum Dots

Metal nanoparticle and semiconductor quantum dot coupling enable good control over
the optical properties, including radiative lifetime, absorption cross-section and nonlinear
susceptibility [127-129]. These surface plasmonic effects have been discussed by many groups
[130-133]. These effects of surface plasmon were interpreted by either near field enhancement or
light scattering due to the metallic nanoparticles at their surface plasmon resonance frequency.
The controlling in device and material optical properties by using surface plasmon has been
approved to increase the efficiency of various optoelectronic devices, such as emitters, detectors
and solar cells [134-137]. Much attention has been paid to the surface plasmon enhanced
photoluminescence because photoluminescence not only gives insight into optical properties of
materials but also provides information to device development [138]. In the last ten years,
surface plasmon enhanced photoluminescence (or fluorescence) has been reported from various
materials, such CdSe quantum dots, GaAs, InGaN/GaN quantum well, ZnO, Si quantum dots,
GaAs quantum dots, and dye molecules. On the other hand, photoluminescence quenching has
been reported for different materials as well [139-142]. The interplay between plasmon and
emission sources involves quite a few mechanisms including local excitation field enhancement,
modification of quantum yield, the radiative and non-radiative decay rates [140]. Due to different
optical properties of a variety of materials and preparation methods and the fact that numerous
parameters are involved in these processes, for example, plasmon resonance wavelength peak of
metallic nanoparticles and quantum yield of luminescent materials, it is necessary to investigate
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different luminescent materials with different optical properties in order to further understand the
mechanisms of emission enhancement or quenching phenomena.
Semiconductor quantum dots are one of the most promising materials for various
emission sources such as low threshold lasers [143] and broadband superluminescent diodes
[144]. However, surface plasmon enhanced In(Ga)As/GaAs quantum dot emission is not well
studied. Paltiel et al. have reported photoluminescence enhancement by depositing both InAs
nanocrystals and Au nanoparticles on GaAs substrate [145]. However, the effects of surface
plasmon on the photoluminescence enhancement were not well described. Recently, Urbańczyk
et al. have demonstrated self-alignment of epitaxial In and Ag nanocrystals over low-density

InAs quantum dots grown by MBE [129, 146-148]. The low density InAs quantum dots are
grown by droplet epitaxy technique and capped with a thin GaAs layer to ensure a short distance
between quantum dots and metal nanocrystals. The coupling between InAs quantum dots and
plamson from both In and Ag nanocrystals were observed from photoluminescence
measurements. Furthermore, a large enhancement of the photoluminescence intensity was
observed from coupling between the Ag nanocrystals and quantum dots.
In this section, photoluminescence of self-assembled InAs/GaAs quantum dots with
surface functionalization of metal nanoparticles is investigated. The MBE technique is used to
form self-assembled InAs quantum dots on semi-insulating GaAs substrates. The coupling
between quantum dots and metal nanoparticles is crucial as emission quenching can be resulted
as a result of increase in non-radiative rate and decrease in radiative rate within a small
separation [142]. However, plasmonic effects become negligible if a large separation presents
between quantum dots and metal nanoparticles. [127, 129] Therefore, InAs quantum dot samples
are capped by GaAs layers with different thickness and the PL enhancement after metallic
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nanoparticle modification is investigated as a function of cap layer thickness [149]. The PL
enhancement is also investigated as a function of the laser excitation power.

4.1.1. Deposition of metallic nanoparticles by using dithiol linker molecules

The coupling of between the metallic nanoparticles and the InAs/GaAs quantum dot
structure is carried out by using the much simpler monolayer self-assembly technique than MBE
growth. The metallic nanoparticle synthesis is carried out by the liquid chemical reduction
method as described in previous chapter. Linker molecules with an alkane chain, such as
alkanethiols, have been explored to obtain self-organized nanoparticle arrays [150]. The linker
molecules must have one bounding group which preferentially sticks to the substrate and the
other size with a functional group hooks to nanoparticles. Thiol (–SH) groups have been
demonstrated to work well with various nanoparticles such as Au nanoparticles. Moreover, the
thiol molecules adsorb readily on both a gold or silver surface and GaAs substrate [151-153] .
Attachment of metallic nanoparticles onto a solid surface involves a lot of factors, such as
solution pH, ionic strength, and particle concentration of the colloid, as well as immersion time,
which largely affect the nanoparticle surface coverage after deposition [154]. In order to form
self-assembled dithiol monolayer, the GaAs surface native oxide was chemically etched by HCl:
H2O (1:1) to provide an arsenic-covered surface, rinsed with deionized water, and dried with N2
gas [155]. Right after that, the surface of GaAs capping layer was functionalize with 1,3propanedithiol linkers, and subsequently, the metallic nanoparticles were deposited by
immersing quantum dot samples in the eithor gold or silver nanoparticle solutions. A schematic
of the deposition procedures is shown in Figure 4.1. After the nanoparticle deposition, the
samples were rinsed by ethanol to remove the access chemicals and the dried by Nitrogen gas.
91

Figure 4.1 Schematic of metal nanoparticle deposition using functionalized substrate with dithiol
linkers.
A set of deposition experiments was carried out to optimize the dithiol monolayer
assisted

metallic nanoparticle deposition. The GaAs substrates were immersed in 1,3-

propanedithiol:ethanol (1:20) solution for five hours. Figure 4.2 shows the SEM images of four
GaAs samples after Au nanoparticle deposition. The colloidal Au nanoparticles are dispersed in
toluene with a concentration of ~10-12 mol/cm3. The Au nanoparticle deposition time the four
samples was 5 min, 10 min, 30 min and 40 min. The Au nanoparticle coverage has been
observed to increase with increasing deposition time, as shown in Figure 4.2. The increase of
nanoparticle coverage on GaAs surface can be explained by diffusion limited deposition of
nanoparticles dispersed in a solution. It has been shown that surface coverage as a function of
immersion times can be described as a steep increase with t1/2 [77]. The number of particles
reaching a unit-cm2 surface per unit time can be empirically written as [77]
N = α ( ρ nt1/ 2 )
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(4-1)

Figure 4.2 SEM images of Au nanoparticles deposited on GaAs substrate with dithiol linker
molecules. The deposition time of Au nanoparticles was 5, 10, 30, and 40 minutes.

where, ρ is the sticking probability, n (/cm3) is particle concentration per cm3, α is a factor that
incorporates particle radius, viscosity, and temperature, and t (s) is the time. The sticking
probability is defined as the ratio of the number of surface bound particles to the number of
particles that reached the surface. Therefore, if colloidal solution parameters (the particle radius,
solution viscosity, and particle concentration) are are known, the particle sticking probability can
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also be experimental obtained and the surface coverage of nanoparticles over time can be
estimated [77, 156].

Figure 4.3 SEM images of Au nanoparticles deposited on GaAs substrate with dithiol linker
molecules for 1, 2, 3, 4, and 5 hours.

Interestingly, the deposition of Au nanoparticles saturates for longer times. As shown in
Figure 4.3, the Au nanoparticles coverage on GaAs show a densely parked layer and remain
unchanged over further increase of immersion time. Clearly, after certain time, the nanoparticele
coverage can no longer be described by equation (4-1). This is because the sticking probability
is not a constant over time. If the solution is assumed with enough volume, the deposition of
particles affect negligibly on the concentration of the solution and thus the factor α can be treated
as a constant over time. Therefore, the sticking probability is the only factor governs the surface
coverage. As the nanoparticles keep depositing on the surface, the avaiable sites for incoming
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nanoparticles become less. Undoubetedly, the sticking probability starts to decrease when the
nanoparticle surface coverage so dense that a incoming nanoparticle is affected by the
immoblized nanoparticles on the surface. The saturation of particle coverage is explained by
interparticle repulsion [77].
Four new samples are immersed in Au and Ag nanoparticle solutions for 1 hour with
different concentration after functionalizing the GaAs surfaces with dithiol linkers. Figure 4.4
shows the SEM images of the metallic nanoparticles deposited on GaAs substrates. It also clearly
shows that the surface coverage of nanoparticles have a strong dependence of solution
concentration, which is in agreement with equation (4-1).
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Figure 4.4 SEM images of Au and Ag nanoparticles deposited on GaAs surface using solutions
with different nanoparticle concentrations. The corresponding absorption spectra of the colloidal
nanoparticles are shown below the SEM images.
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4.1.2. Surface plasmon enhanced photoluminescence in InAs quantum dots coupled to
gold nanoparticles

The PL spectra were measured at 77 K by using the Fourier transform spectrometer. A
red laser with emission at 641 nm is used to excite the samples. The laser beam diameter is about
2 mm. The excitation power is varied from 10 mW to 50 mW. Compared with the plasmon
resonance wavelength obtained from the metallic nanoparticle solution absorption spectra, the
excitation wavelength is located at the longer wavelength side. The plasmon resonance peak is
expected to red-shift after deposition due a higher refractive index of GaAs than toluene.
Moreover, PL enhancement maximum has also been observed at a wavelength slightly off the
plasmon resonance wavelength [157].
Figure 4.5 shows some of the InAs quantum dot PL results. The PL spectra were
measured at 77 K before (red line) and after (blue line) deposition of gold nanoparticles on
sample surfaces. Four quantum dot samples capped with GaAs layers of different thickness were
investigated. The GaAs cap layer thickness of four samples is (a) 12 nm, (b) 50 nm, (c) 100 nm,
and (d) 200 nm as shown in Figure 4.5. PL enhancement has been observed for all four samples
after coupling Au nanoparticles on the surface. Especially, about an order of PL intensity
enhancement is observed for the sample with a GaAs cap layer of 12 nm. On the other hand, the
enhancement of the sample capped with 200 nm GaAs is only about ~ 40%.
The PL enhancement is attributed to the enhancement of scattered field from the surface
plasmon in metallic nanoparticles excited by the laser [158]. Even thought the Au nanoparticles
(~ 5 nm in diameter) are supposed mainly exhibit absorption, the closely parked metallic
nanoparticle array typically introduces a scattering component at longer wavelengths than
colloidal solution extinction peak [158, 159]. As a result, enhancement of PL intensity is
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expected at wavelengths that are longer than the surface plasmon resonance wavelength. Figure
4.6 shows the absorption spectra measured from colloidal Au nanoparticles dispersed in toluene.
The excitation laser and quantum dot emission wavelengths are also indicated in the plot.
However, due to the collective effects of nanoparticle array and a higher refractive index of
GaAs, the resonance peak is supposed to change to a longer wavelength. The dark-field
scattering spectrum measured from 90 nm Au nanoparticles on GaAs surface shows a scattering
peak at 590 nm. Therefore, the excitation is slightly off-resonant with nanoparticles. The
emission wavelength is located at an even longer wavelength and the overlap of quantum dot
emission and scattering component from surface plasmon leads to the photoluminescence
enhancement [160].
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Figure 4.5 Photoluminescence spectra measured at 77 K. The spectra with red lines and blue
lines are measured before and after deposition the gold nanoparticles on the InAs/GaAs quantum
dot sample surface, respectively. The excitation power is 50 mW for all the measurements. The
GaAs cap layer thickness of each quantum dot sample is (a) 12 nm, (b) 50 nm, (c) 100 nm, and
(d) 200 nm.
98

Energy (eV)
3.6 3.0

2.4
529 nm

1.8

1.2

Red-shift after deposition
on GaAs surface
0.2
InAs QD emssion

Absorbance (arbit. units)

0.3

Excitation
641 nm
0.1

0.0
300

Au nanoparticles in toluene
400

500

600

700

800

900 1000 1100

Wavelength (nm)
Figure 4.6 Absorption spectrum of Au nanoparticles in toluene. The arrows indicate plasmon
resonance wavelength of colloidal Au nanoparticles, laser excitation wavelength, and quantum
dot emission wavelength.

The fraction of the scattered field into substrate decreases with distance. Therefore, the
largest enhancement is observed for the sample with 12 nm cap layer and the enhancement
decreases with distance, as shown in Figure 4.6. However, if the enhancement is solely due to
enhanced excitation due to surface plasmon scattering, the nearly 10 fold enhancement in
photoluminescence from 12 nm GaAs capped sample can not be expected. The field enhanced
emission may also account for the enhancement in photoluminescence. The enhanced scattered
field produced by dipole moment modifies the emission dynamics and leads improvement in
spontaneous emission rate. The PL emission enhancement can be quantified by including
spontaneous emission rate in Purcell enhancement factor F, which is obtained by the ratios PL
decay rates with surface plasmon and original PL decay rates [161]. The Purcell enhancement
factor, F, is written as
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F=

R p + Rr + Rn

(4-2)

Rr + Rn

where Rp is the surface plasmon induced spontaneous recombination rate, Rr and Rn is the
radiative and non-radiative recombination, respectively. If the non-radiative recombination rate
is assumed to be small compared with radiative recombination rate, the Purcell factor can be
rewritten as

F=

R p + Rr + Rn
Rr + Rn

= 1+

Rp
Rr + Rn

≈ 1+

Rp
Rr

for Rn << Rr

(4-3)

The ratio Rp/Rr can be written as Rp/Rr = Ip/I0 [149], where Ip is the peak intensity of the
enhanced PL spectrum and I0 is the as-is PL intensity before adding any gold nanoparticle.
Therefore, the Purcell enhancement factor of the samples can be plotted as a function of the
thickness of cap layer by using ratios of PL intensities before and after nanoparticle deposition,
as shown in Figure 4.7. This distance-dependence of enhancement factor shows good agreement
with previous report of single-molecule fluorescence under the influence of surface plasmon
[162], which indicates that the surface plasmon induced PL enhancement in the InAs quantum
dots is attributed to modified decay rates by surface plasmon. According to Pascal et al. and
many other reports [140, 162-164], the photoluminescence is expected to be quenched if the
quantum dots is too close to the metal nanoparticles. The quenching has also been observed for
an uncapped quantum dot sample modified with nanoparticles.
The excitation power-dependent PL emission from InAs quantum dots is also
investigated under the influence of metallic nanoparticle deposition. Here, the quantum dot
sample with a 100 nm GaAs cap layer is investigated. The PL spectra of the quantum dots
measured with different excitation are shown in Figure 4.8. The spectra obtained before (red
lines) and after (blue lines) depositing Au nanoparticles are compared under different laser
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excitation powers: 10, 20, 30, and 50 mW. Figure 4.8 (e) clearly shows that the Purcell
enhancement factor increases as the laser power decreases. The excitation power dependence of
Purcell enhancement is attributed to the increase of PL quantum efficiency as the excitation
power increases [165, 166]. The internal quantum efficiency ηint is given by the ratio of radiative
and total recombination rates [161]

ηint =

Rr
Rr + Rn

(4-4)

With the influence of surface plasmon, the modified internal quantum efficiency ηint* is
written as [161]

ηint * =

R p + Rr
R p + Rr + Rn

(4-5)

Therefore, the Purcell enhance factor can be written as [161]
F=

1 − ηint
1 − ηint *

(4-6)
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Figure 4.7 The Purcell factor F calculated from the four samples with different cap layer
thickness. The line is a guide to the eye.
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Figure 4.8 Photoluminescence spectra of InAs quantum dots capped with 100 nm GaAs plotted
with gold nanoparticles (red lines) and without gold nanoparticles (blue lines). The PL spectra
were measured with different laser excitations at 77 K: (a) 10 mW, (b) 20 mW, (c) 30 mW, and
(d) 50 mW. (e) Purcell factor F plot as a function of the laser excitation. The solid line is a guide
to the eye.
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If RP is much faster than Rr and Rn and has a weak dependence with excitation power, the
change of modified internal quantum efficiency ηint* is expected to be less than the change of
original internal quantum efficiency ηint. Therefore, a higher Purcell factor is observed for a low
excitation power. Time-resolved photoluminescence spectroscopy measurements are needed in
order to gain more details of the surface plasmon enhanced photoluminescence.
In conclusion, photoluminescence enhancement is observed for InAs quantum dots
coupled to gold nanoparticles. The enhancement factor increases with decreasing of GaAs cap
layer thickness. The photoluminescence enhancement factor is measured as a function of the
laser excitation power which indicates a lower quantum efficiency for a lower laser excitation
power. The surface plasmon enhanced excitation and emission are attributed to the
photoluminescence enhancement from the InAs quantum dots.
Part of this section was published in J. Wu, S. Lee, V. R. Reddy, M. O. Manasreh, B. D.
Weaver, M. K. Yakes, C. S. Furrow, V. P. Kunets, M. Benamara and G. J. Salamo,
"Photoluminescence plasmonic enhancement in InAs quantum dots coupled to gold
nanoparticles," Mater Lett, vol. 65, pp. 3605-3608, 12, 2011 [149].

4.2.

Surface Plasmon Enhanced Quantum Dot Solar Cells

In this section, surface plasmon enhanced InAs quantum dot solar cells are investigated.
Solar energy harvesting has been under intensive research world-wide in recent years. The
amount of solar energy arriving earth surface per hour is more than the energy consumption of
humans in a whole year [167]. With increased awareness on the negative effects of fossil fuels
on environment and climate and reeducation of total fossil fuel storage, the searching for
renewable and sustainable energy resources has never been as urgent as today in human history.
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In order to compete current energy technologies, solar cells have to achieve higher efficiency
without further increase fabrication cost [167]. Among various photovoltaic technologies,
intermediate band solar cells, which are able to absorb photons with different energies, are
promising to achieve conversion efficiency of over ~60% by producing higher photocurrents
[62]. One approach to achieve these promises for enhancing solar energy conversion is quantum
dot based intermediate band [168]. Quantum dots with three-dimensional confinement and a
quantized band structure are promising for realization of high efficiency intermediate band solar
cells [169].
Even though intermediate band assisted multi-band transitions has been theoretically
proposed to break the Shockley-Queisser limit, quantum dot based intermediate band solar cells
have not yet demonstrated satisfied performance . Several research groups have demonstrated
partially success in fabricating intermediate band solar cells. Martí et al. [170] fabricated a
quantum dot based intermediate band solar cell with photocurrent produced from two-photon
absorption. However, due to small absorption in quantum dots, the photocurrent generated from
quantum dots is very low. In order to improve absorption in quantum dots, multiple stacking
quantum dot layers are required. On the other hand, the lattice mismatched InAs/GaAs material
system accumulates strains, and absorption improvement with increasing of quantum dot layers
is undermined by generation of various defects. López et al. observed dramatic efficiency
reduction with increase number of quantum dot layers. Hubbard et al. and Laghumavarapu et al.
have reported photocurrent improvement in quantum dot solar cells with strain-compensation
layers [171, 172]. Bailey et al. have also achieved enhanced photocurrent and a large open circuit
voltage near 1 V by optimizing strain-balance layers [173]. Despite the success of these efforts,
the photocurrent from subbands is very small (~1% of the current generated from the interband)
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[170] in quantum dot solar cells. It is critical to produce high photocurrent from the quantum
dots without compromise of output voltage to achieve practical intermediate band solar cells
[174].
Surface plasmon enhanced solar cells using metal nanostructures have attracted lots of
attention in the last few years. Surface plasmon holds the promise to achieve broadband full
spectrum absorption enhancement and high conversion efficiency in solar cells [59, 175-178].
Recently, metallic nanoparticles have been proposed to enhance absorption in quantum dots
[179], which has shown that the scattered near field potential from metal nanoparticles in close
vicinity of quantum dots can lead to a significant enhancement [179]. Therefore, in this section,
we experimentally study the surface plasmon enhancement from quantum dot solar cells coupled
with metallic nanoparticles.

4.2.1. Surface plasmon enhanced InAs/GaAs quantum dot solar cells

The InAs/GaAs multiple QD solar cell sample investigated here is grown on a highly ptype doped GaAs (100) substrate using MBE technique by IQE, Inc. A 300-nm thick GaAs
buffer layer doped with [Be] = 2.0 × 1018 cm−3 was grown on the substrate surface, which was
followed by the growth of a 500-nm lightly doped GaAs base layer and a 50-nm undoped GaAs
spacer. After that, two monolayers of InAs were deposited to form the QDs using Stranski–
Krastanov growth mode. The formed InAs quantum dots were capped with a thin layer of
Al0.3Ga0.7As layer (4 ML) and a 30 nm GaAs cap layer. The quantum dots were doped with Si
delta-doping with density of 5.0 × 1010 cm-2 to supply each QD with one electron. The quantum
dot layers were repeated for five times. Sequentially, a 50 nm undoped GaAs spacer and a Si
doped 150 nm GaAs layer with a doping density of 1018 cm−3 were grown, followed by a 30 nm
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Al0.3Ga0.7As window layer. Finally, the structure was finished by growing a 50 nm heavilydoped n+-GaAs top contact layer with a doping density of over 5.0×1018 cm-3. The solar cell
structure is schematically shown in Figure 4.9.

Figure 4.9 InAs/GaAs quantum dot solar cell structure.

The PL spectra of the InAs quantum solar cell are measured at 77 K and 300 K with 532
nm laser excition of 50 mW and are shown in Figure 4.10. Both the PL spectra measured at 77 K
and 300 K show a Gaussian line shape with FWHM of 85 nm and 89 nm, respectively. The
similar PL line width between 77 K and 300 K indicates the photoluminescence broadening is
mainly from the inhomogeneous distribution of quantum dots.
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Figure 4.10 Photoluminescence of the quantum dot solar cell measured at 77 K and 300 K.

In order to study the surface plasmon effects on quantum dot solar cells, both Au and Ag
nanoparticles are synthesized and deposited on solar cell surfaces. The deposition of metallic
nanoparticles is confirmed from SEM measurement. As shown in Figure 4.11, both Ag and Au
nanoparticles are observed on the GaAs surface. Energy-dispersive X-ray (EDX) spectroscopy
spectra have also confirmed the deposition of metallic nanoparticles on solar cell surface, as
shown in Appendix C. Both Au and Ag nanoparticles synthesized by the chemical reduction
method are around ~5 nm. However, the Au nanoparticles appear much larger in size as shown
in Figure 4.11 (a). The increase in the diameter of Au nanoparticles is due to the aggregation of
Au nanoparticles. The aggregation has resulted Au nanoparticles with a average diameter of ~25
nm.
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Figure 4.11 SEM images of Au and Ag nanoparticles deposited on InAs quantum dot solar cell
surfaces.
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The current voltage characteristics were taken using a Newport solar simulator with AM
1.5G filter. The output power of the simulator is 300 mW/cm2. The current density voltage (J-V)
characteristics with and without nanoparticles are shown in Figure 4.12. Here, the quantum dot
sample deposited with Au nanoparticles is referred as sample A and the one with Ag is referred
as sample B. For the untreated sample A, the short circuit current density JSC is 52 mA/cm2 and
open circuit voltage VOC is 0.84 V. The filling factor and conversion efficiency is 65% and 9.5%,
respectively. For sample B without any nanoparticle deposition, the short circuit current density
JSC is 53.3 mA/cm2 and open circuit voltage VOC is 0.87 V. The filling factor and conversion
efficiency is 61% and 9.5%. After metallic nanoparticle deposition, both samples A and B have
shown current enhancement. With Au nanoparticle deposition, the JSC increases from 52 mA/cm2
to 62.2 mA/cm2 while the VOC and FF remain almost unchanged. With Ag nanoparticle
deposition, the JSC increases from 53.3 mA/cm2 to 55.7 mA/cm2, FF increases from 61% to 67%,
VOC remains almost unchanged. The measured solar cell parameters before and after metallic
nanoparticle deposition are listed in Table 4.1. With metallic nanoparticle coupling with quantum
dot solar cells, the conversion efficiency increases from 9.5% to 11.6% for sample A (with Au
nanoparticles) and 9.5% to 10.9% for sample B (with Ag nanoparticles). The enhancement in
conversion efficiency of solar cell after coupling with metal nanoparticles is attributed to
enhanced light forward scattering and light trapping from metal nanoparticles [136, 180-182].
Generally, a larger metal particle size has larger scattering cross section and the aggregated Au
nanoparticles demonstrate a higher current enhancement compared with Ag nanoparticles. A
higher areal density of the Au nanoparticles may also be reason of a higher efficiency
enhancement in sample A. Interestingly, after Ag nanoparticle coupling, sample B has an
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obvious improvement in FF. Such improvement in FF may be due to reduced surface
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Figure 4.12 Current density voltage characteristics of quantum dot solar cells. (a) J-V of sample
A before and after Au nanoparticle deposition. (b) J-V of sample B before and after Ag
nanoparticle deposition.
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Jsc
(mA/cm2)

Voc
(V)

FF
(%)

η
(%)

without Au
nanoparticles
Sample A

52.0

0.84

65

9.5

with Au
nanoparticles

62.2

0.85

66

11.6

without Ag
nanoparticles
Sample B

53.3

0.87

61

9.5

with Ag
nanoparticles

55.7

0.875

67

10.9

Table 4.1 Quantum dot solar cell device parameters before and after metallic nanoparticle
deposition.

Figure 4.13 shows the photoresponse and EQE spectra of sample A and B before and
after metallic nanoparticle depositions. Distinct enhancement in the photocurrent spectra and
quantum efficiency has been presented in Figure 4.13. Again, a stronger enhancement is
observed from sample A with Au nanoparticle modification. The photocurrent and quantum
efficiency enhancement are expected due to enhanced forward scattering of incident light into
quantum dot solar cells. Despite of larger scattering cross section of Ag nanoparticles, a smaller
enhancement is observed from sample B due to the smaller size and lower density of Ag
nanoparticles.
In summary, distinct efficiency enhancement is observed after coupling of metallic
nanoparticles to quantum dot solar cell. The enhancement is due to enhanced light scattering and
trapping from surface plasmon produced by metallic nanoparticles. However, no obvious
enhancement is observed from wavelength beyond GaAs bandgap. In order to implement
intermediate band solar cell, the design for surface plasmon enhanced quantum dot solar cell
need to be optimized.
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Figure 4.13 Photoresponse spectra of quantum dot solar cells: (a) sample A before and after Au
nanoparticle deposition; (b) sample B before and after Ag nanoparticle deposition; and external
quantum efficiency spectra of quantum dot solar cells: (c) sample A before and after Au
nanoparticle deposition; (d) sample B before and after Ag nanoparticle deposition.
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4.2.2. Surface Plasmon Enhanced InAs/AlGaAs/GaAs Quantum Dot Solar Cells with
Double Energy Fence Barriers

In this section, we study the effects of Au and Ag metallic nanoparticles on
InAs/AlGaAs/GaAs quantum dot solar cell cells with double energy fence barriers. The
nanoparticles were also synthesized by using the reduction method as described in the previous
chapter. Here, in order to obtain nanoparticles with larger size, a close packed monolayer of
nanoparticles are first created and thermal annealing is used to create coalescence and form
larger nanoparticles. The large size nanoparticles are preferred. to have favorable forward light
scattering [59, 179, 183]. Therefore, the thermal annealing of nanoparticle array is used to
created larger metallic nanoparticles in this study.
Figure 4.14 (a) shows the absorption spectra of metallic nanoparticles. Both Au and Ag
nanoparticles were dispersed in toluene and measured by using Cary 500 UV-Vis-NIR
spectrophotometer. The Au and Ag nanoparticles show plasmon resonance peaks in the spectra
at 527 and 423 nm, respectively, suggesting the formation of metallic nanoparticles. Before
deposition of metallic nanoparticles on InAs/GaAs quantum dot solar cell surface, surface
treatment was carried out using the deposition method described earlier. To ensure formation of
a density nanoparticle layer, the solar cell was immersed in either the high concentrated gold or
the silver nanoparticles solution for over 1 hour. After the deposition, the devices were annealed
at 170 °C for 10 minutes in a rough vacuum. The annealing process removes the chemical linkers
and also forms a strong physical attachement between the nanoparticles and the solar cell device.
Figure 4.14 (b)-(e) show the SEM images of the both Au and Ag nanoparticles deposited on
GaAs surfaces before and after thermal annealing in vacuum. Before annealing, the Au and
nanoparticles are measured to be less than 5 nm in diameter and Ag nanoparticles about 10 nm in
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diameter. However, the size of Au and Ag nanoparticles is different: a good monolayer coverage
of Au nanoparticles is observed on GaAs surface as shown in Figure 4.14 (b) while a more
random distribution is observed for Ag nanoparticles, as shown in Figure 4.14 (d). The random
distribution of Ag nanoparticles may be resulted from the larger particle size and thus only
partial anchoring of Ag nanoparticles is observed. For both Au and Ag nanoparticles, the
diameters are significantly increased after thermal annealing, as shown in Figure 4.14 (c) and (e).

Figure 4.14 (a) Au and Ag nanoparticle absorption spectra measured from UV-vis. The
nanoparticles are dispersed in Toluene. SEM images of metallic nanoparticles deposited on
GaAs surfaces: (b) as deposited Au nanoparticles using dithiol linkers; (c) Au nanoparticles after
annealing in vacuum; (d) as deposited Ag nanoparticles using dithiol linkers; (e) Ag
nanoparticles after annealing in vacuum. The scale bars in the images are 1 µm.

In order to partially release the strain, a quantum dot-in-a-well structure was grown. The
quantum dot solar cell structure was grown on a n+-GaAs (100) substrates by molecular beam
epitaxy technique. The solar cell structure begun with a 500 nm n-type GaAs buffer layer and a
200 nm lightly doped n-type Al0.2Ga0.8As as the back surface field (BSF) layer. Following the
BSF layer, a 2 µm thick GaAs base region was grown with Zn doped to 2×1017 cm-3.
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Subsequently, a 20 nm undoped GaAs spacer layer was grown and then the substrate temperature
was ramped down for InAs quantum dot growth. The growth of quantum dots was achieved
using traditional Stranski–Krastanov growth mode by deposition of 2 monolayer (ML) InAs. The
InAs quantum dots were insert between 4 ML Al0.3Ga0.7As fence layers in order to avoid charge
trapping [168]. GaAs spacer of 20 nm were used to cap the InAs/InGaAs/AlGaAs quantum dot
layers and repeated for another nine periods. Each layer of InAs quantum dots was doped with
[Si]= 2×1017 cm-3. After growing ten periods of quantum dot layers, the 300 nm p-GaAs with
[Be]= 2×1018 cm-3 was deposited to form the emitter and then 30 nm p- Al0.8Ga0.2As with [Be]=
2×1018 cm-3 was grown as a window layer. Finally, the device structure was finished by a 50 nm
p+-GaAs top contact layer with [Be]= 5×1018 cm-3. Standard photolithography procedures were
used to fabricate solar cells with size of 3 × 3 mm2. The solar cell back electrode consisted of 70
nm AuGe/20 nm Ni/ 150 nm Au and the top electrode is made of 200 nm AuZn/100 nm Au. The
metallization was carried out by using an Edward 306 electron beam evaporator and ohmic
contacts were formed by rapid thermal annealing in N2 ambiance. The solar cell device structure
and an illustration of solar cell structure modified nanoparticles are showned in Figure 4.15 (a).
The quantum dot solar cells are deposited with Au (sample A) and Ag (sample B) nanoparticles.
After annealing in vacuum, the surface morphology of metallic nanoparticles on quantum dot
solar cell surface are shown in Figure 4.15 (b) and Figure 4.15 (d). The size distributions of
nanoparticles are also shown in Figure 4.15 (c) and (e). A relatively uniform distribution with
average particle diameter around 10 nm is observed for Au nanoparticles. However, Ag
nanoparticles have a much larger diameter distribution from 30 to 150 nm.
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Figure 4.15 (a) A illustration of metallic nanoparticles deposited to a quantum dot solar cell
surface with dithiol linker molecules. The solar cell structure is given next to the illustration. (b)
SEM images of Au nanoparticles on the solar cell surface after annealing. (c) Size distribution of
Au nanoparticles in (b). (d) SEM images of Ag nanoparticles on the solar cell surface after
annealing. (e) Size distribution of Ag nanoparticles in (d). The scale bar is 400 nm in (b) and 1
µm in (d).
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The J-V characteristics before and after metallic nanoparticles deposition were measured
using a Keithley 4200 semiconductor parameter analyzer under 300 mW/cm2 AM1.5 Global
solar simulator radiation. The Newport-Oriel IQE 200 system Quantum efficiency was used to
measure the quantum efficiency of solar cells. The photocurrent was notably improved after
deposition of the metallic nanoparticles on the quantum dot solar cell surfaces. Figure 4.16
shows the J−V characteristics of solar cells with and without metallic nanoparticles deposition.
After Au nanoparticle deposition, the short circuit current density of sample A increases from
Jsc=56.0 mA/cm2 to 67.2 mA/cm2. Similarly, the short circuit current density of sample B
increases from Jsc=55.6 mA/cm2 to 64.4 mA/cm2 after Ag nanoparticle deposition. As a result,
conversion efficiency enhancement from η=8.0% to 9.5 % for sample A and from η=8.0% to
8.9% for sample B are observed after Au (sample A) and Ag (sample B) nanoparticle
modifications. However, the fill factors reduction occurs after deposition of metallic
nanoparticles. The fill factors decrease from 53.5 to 52.0 for sample A and from 53.6 to 51.0 for
sample B. This slightly decrease in fill factor may be due to the increase of leakage current
through the device edge after nanoparticle deposition. In order to avoid the fill factor reduction,
the solar cells should be passivated. On the other hand, the open circuit voltage (~0.81 V) keeps
almost the same for both solar cells and thus enhancement of solar cell efficiency is mainly due
to the increase in photocurrent. Such an enhancement in current and hence the conversion
efficiency can be explained by the enhanced forward light scattering as well as internal light
trapping by surface plasmon generated in metallic nanoparticles.[182] The surface plasmon
excited in metallic nanoparticles can largely improve forward scattering of photons. The
scattering cross section due to surface plasmon can be many times larger than the nanoparticle
geometrical cross section. [133, 149]
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Figure 4.16 J-V characteristics: (a) sample A with and without Au nanoparticle deposition; (b)
sample B with and without Ag nanoparticle deposition. EQE spectra: (c) sample A with and
without Au nanoparticle deposition; (d) sample B with and without Ag nanoparticle deposition.
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EQE as well as the photoresponse were measured to investigate the spectral response of
the solar cell as well as the plasmonic effects on the photon absorption after deposition of
metallic nanoparticles on the solar cell surfaces. Figure 4.16 (c) and (d) shows the EQE spectra
measured from 350 nm to 1200 nm for samples A and B with and without nanoparticle
deposition. Distinct improvement in EQE has been observed for both samples with deposition of
metallic nanoparticles. A broadband enhancement in EQE ranging from 500 nm to 800 nm is
observed. The improvements are mainly attributed to enhanced absorption in GaAs p-n junction
since no observable spectral enhancement is shown in the wavelength region of InAs quantum
dots. The EQE spectra are measured using monochromic light without light bias but the
photocurrent generated from quantum dots requires two optical transitions: one is from InAs hole
energy levels to band electron energy levels and the other one is from InAs electron energy
levels to GaAs continuum. In order to generate photocurrent from quantum dots, both transitions
are required in the quantum dots. The photoresponse measurement under a broadband light
illumination is insightful to study the effects of metallic nanoparticles on the spectral response of
solar cells. However, from the EQE measurements, sample A shows a 21% overall increase after
Au nanoparticle deposition, sample B has an overall increases about 15% after Ag nanoparticles
modification.
The EQE spectra of quantum dot solar cells with metallic nanoparticles are normalized
to the EQE spectra without nanoparticle depositions, as shown in Figure 4.17. A similar
broadband enhancement has been observed for both sample A and sample B after metallic
nanoparticle deposition. As what has also been measured from J-V measurements, sample A has
evidenced a stronger enhancement than sample B with metallic nanoparticles. It is worth to
mention here that the density of Au nanoparticles is much higher than that of Ag nanoparticles.
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The estimated densities of Au and Ag nanoparticles on sample A and B are 1.4×1012 cm-2 and
2.1×1011 cm-2, respectively. Even though nearly a much higher density of Au nanoparticles are
deposited on sample A, the solar cell efficiency enhancement due to surface plasmon is in the
comparable range of enhancement as measured from sample B. This can be explained by the
several advantages of Ag nanoparticle over Au nanoparticles as a plamonic material: 1) a higher
efficiency of plasmon excitation is expected for Ag nanoparticles [184]. 2) Ag nanoparticles
exhibit a larger extinction cross-section than Au nanoparticles under same conditions [184, 185].
In addition, the Ag nanoparticles deposited on sample B is much larger than Au nanoparticles
deposited on sample A, as shown in Figure 2. Therefore, the Ag nanoparticles on sample B have
a better forward scattering of light that the Au nanoparticles on sample A. Moreover, the EQE
measurements also show different spectral enhancement: the maximum EQE enhancement is
located at 640 nm for sample A and at 610 nm for sample B. The difference in the spectral
enhancement of EQE is due to the difference of plasmon resonance wavelength of Au and Ag
nanoparticles. An minima in the EQE enhancement is also observed for samples A and B. This
can be explained by the reduction of magnitude of the transmitted field caused by the destructive
interference between the incident and scattered fields below localized surface plasmon resonance
[182, 186].
The measured plasmon enhancement in InAs/GaAs quantum dot solar cell can be
explained by quasi-static approximation discussed in Chapter 1. The scattering and absorption
cross sections Csca and Cabs can be written as a function of the polarizability parameter α: [72]
Cabs =

2π

λ

Im [α ] ∝ r 3
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Figure 4.17 Normalized EQE spectra of sample A and B. The blue squares are the normalized
EQE of sample A with Au nanoparticle modification and the dark circles are normalized EQE of
sample B with Ag nanoparticle modification.
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where λ is the wavelength of light and r is the nanoparticle radius. At plasmon resonance,
polarizability parameter α reaches the maximum and a extinction peak is observed. From
Equation (4-7) and (4-8), the scattering spectrum is strongly dependent on nanoparticle size.
Indeed, within the electrostatic approximation limit, metallic nanoparticles carry a single dipole
mode and mainly show absorbing behavior. As nanoparticle diameter increases, the scattering
cross section becomes dominate. This also explains why sample B with low density but large
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size Ag nanoparticles shows comparable enhancement with sample A with high density Au
nanoparticles. The scattering cross-sections, for both spherical Au and Ag nanoparticles
imbedded GaAs matrix, are calculated using Mie’s theory and included in the Appendix D. From
the calculation, the scattering cross-section show a maximum around ~800 nm for Au
nanoparticles and ~750 nm for Ag nanoparticles if the particle size is no larger than 500 nm.
These values are red-shifted from the EQE enhancement ratio peaks at 640 nm (Au) and 610 nm
(Ag) as shown in Figure 4.17. The disagreement results from the using of GaAs as the
surrounding dielectrics of nanoparticles. In reality, the nanoparticles are placed in the interface
between GaAs and air, which, undoubtedly, results in maximum scattering at short wavelengths.
Moreover, the inter-particle interaction of nanoparticles may also account for this shift.
In order to gain further insight in the plasmon effects on InAs quantum dots,
photoresponse of solar cells were measured at room temperature using the Fourier-transform
infrared spectrometer with a broadband visible-NIR source. The photoresponse spectra of both
sample A and B with and without nanoparticle deposition are shown in Figure 4.18. Additional
photoresponse has been observed at the wavelength region of InAs quantum dots. The
photoresponse from the InAs/GaAs quantum dots covers from 870 nm to ~1200 nm. The
photoluminescence spectrum measured at 300 K is also plotted in Figure 4.18. The
photoresponse peak 1 at 1050 nm can be assigned as the transition HH1→E1 and peaks 2 and 3
are attributed to the transitions from excited energy levels in the quantum dots [98]. After
metallic nanoparticle deposition, slight enhancements have been observed from photoresponse
spectra of both samples A and B. In order to observe further enhancement, the metallic
nanoparticles need to be optimized at this wavelength region. Interestingly, a blue-shift is
observed from the photoresponse spectra after metallic nanoparticle deposition. There is a ~6 nm
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blue-shift for Au nanoparticles and ~3 nm for Ag nanoparticles. The shift may be the evidence of
plasmon exciton coupling in the quantum dot solar cells [187]. Therefore, the plasmon
enhancement in the quantum dot solar cell be attributed to both scattering and field enhancement
effects [188].
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Figure 4.18 Photoresponse spectra of sample A and B with and without metallic nanoparticles.
The green curve is the photoluminescence of the quantum dot solar cell measured at 300 K. The
numbers in the figure indicate the peaks observed in the photoresponse spectra. The inset is the
full spectrum photoresponse spectra of the solar cells.
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In conclusion, Au and Ag nanoparticles have been coupled to InAs/GaAs quantum dot
solar cell using chemical linkers. The surface plasmon effects have resulted in an overall
conversion efficiency enhancement of 18.8% and 11.3%, respectively. The conversion
enhancement is mainly due to the significantly enhanced the photocurrent. A higher
enhancement is observed from the quantum dot solar cell modified with the Au nanoparticles
because of a higher Au nanoparticle density. The interaction between quantum dots and surface
plasmon has been observed in a broad wavelength range. This study suggests that localized
surface plasmon could be used to enhance photocurrent in quantum dots and for intermediate
band solar cell applications.
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5. CONCLUSIONS

5.1.

Summary

In this project, multicolor photodetector with broadband coverage is fabricated. With a
novel barrier design, voltage-switchable multicolor quantum dot photodetector is realized. Such
new designs can be further extended to other device structures and materials. In addition, strainfree nanostructures are incorporated into photodetectors for the first time. Prototype strain free
quantum photodetectors have show multicolor detection at temperatures as high as 120 K. These
strain free nanostructures are promising to further boost the performance of multicolor
photodetectors.
The second part of this project investigate the potential of employing surface plasmon to
enhance the optical properties of nanomaterials. Particularly, surface plamsonic effects have
been studied on the photoluminescence of quantum dots and cell performance of quantum dot
solar cells. This project presents the photoluminescence enhancement of InAs quantum dots by
using surface plasmon. Moreover, conversion efficiency improvement over 2% is observed from
a quantum dot solar cell coupled with metallic nanoparticles.

5.2.

Contributions

This dissertation contributes to the photodetector and photovoltaics fields in a number of
ways.
First, this study presents new ways to engineering quantum dot photodetectors to achieve
voltage tunable multicolor detection.
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Second, this study first proposes using of strain free nanostructure in photodetectors,
which can potentially obtain high quantum efficiency for photodetectors. Such strain free
nanostructures can also be applied to other optoelectronic and electronic devices.
Third, this study present surface plasmon enhanced photoluminescence from InAs
quantum dots. Such off-resonance surface plasmon enhancement in photoluminescence of InAs
quantum dots is reported for the first time, which would help understand surface plasmonic
effects.
Forth, distinct solar cell conversation efficiency enhancement is observed in this study
using surface plasmon, which shows potential of using surface plasmon to achieve high
efficiency intermediate band solar cells.

5.3.

Future Work

While this study have provided the basic framework for high performance multicolor
photodetectors and high efficiency solar cell, this work is of great interest for future study in
several areas.
First, intersubband cascade quantum dot detector may further improve the detector
performance in terms of efficiency and function temperature.
Second, optimization of strain-free nanostructure growth is expected to achieve state of
the art performance of various types of devices including, but not limit to, photodetectors and
solar cells.
Third, design of new plasmonic quantum dot solar cells is needed in order to significantly
enhance photon absorption in long wavelength and realized practical intermediate band solar
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cells. New metallic nanostructures as well as new quantum dot solar cell structures need be
investigated.
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A. CALCULATION OF ELECTRONIC ENERGY LEVELS IN AN
INAS/IN0.1GA0.9AS/GAAS QUANTUM DOT-IN-A-WELL

The calculation of the energy levels in an InAs/In0.1Ga0.9As/GaAs quantum dot-in-a-well
is calculated by using Comsol Multiphysics®. The parameters used in the calculation and results
are given here.
Table A.1 Material parameters used for calculation. m0 is the free electron mass.
Materials

Band offset with regard to InAs

Effective Mass m*

GaAs

∆EGaAs-InAs = 0.46 eV a

0.067 m0 b

InAs

∆EInAs-InAs = 0 eV

0.023 m0 c

In0.1Ga0.9As

∆EIn0.1Ga0.9As-InAs = 0.395 eV d

0.064 m0 e

a

Reference [189, 190]
Reference [81]
c
Reference [81]
d
Reference [190]
e
Reference [191]
b

Figure A.1 (Right) 2D geometry of a perfectly cylindrical quantum dot in a quantum well and
wetting layer. (Left) The meshed InAs/In0.1Ga0.9As/GaAs quantum dot-in-a-well structure.
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Figure A.2 (a) Contour plot and (b) three dimensional plot of the ground state envelope function
of an InAs/In0.1Ga0.9As/GaAs quantum dot-in-a-well structure. The calculated ground state
energy is E0=223 meV regard to InAs conduction band edge.

Figure A.3 (a) Contour plot and (b) three dimensional plot of the first excited state envelope
function of an InAs/In0.1Ga0.9As/GaAs quantum dot-in-a-well structure. The calculated first
excited state energy is E1=351 meV regard to InAs conduction band edge.
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Figure A.4 (a) Contour plot and (b) three dimensional plot of the second excited state envelope
function of an InAs/In0.1Ga0.9As/GaAs quantum dot-in-a-well structure. The calculated second
excited state energy is E2=383 meV regard to InAs conduction band edge.
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B. CALCULATION OF ELECTRONIC ENERGY LEVELS IN AN
GAAS/AL0.3GA0.7AS/GAAS QUANTUM RING

The calculation of the energy levels in a GaAs/Al0.3Ga0.7As/GaAs quantum ring is
calculated by using Comsol Multiphysics®. The parameters used in the calculation and results
are given here.
Table B.1 Material parameters used for calculation. m0 is the free electron mass.
Materials

Band offset with regard to InAs

Effective Mass m*

GaAs

∆EGaAs-GaAs = 0 eV

0.067 m0 a

Al0.3Ga0.7As

∆EAl0.3Ga0.7As-InAs = 0.262 eV b

0.092 m0 c

a

Reference [81]
Reference [192, 193]
c
Reference [194, 195]

b

Figure B.1 2D geometry of a perfectly cylindrical double quantum ring. The inner ring (outer
ring) height is set to be 8 nm (4nm). The diameter of inner ring (outer ring) is 20 nm (50).
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Figure B.2 The meshed GaAs/Al0.3Ga0.7As quantum ring structure.

Figure B.3 (a) Contour plot and (b) three dimensional plot of the first excited state envelope
function of the GaAs/Al0.3Ga0.7As quantum ring structure. The calculated first excited state
energy is E1=52 meV regard to GaAs conduction band edge.
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Figure B.4 (a) Energy level diagram of the GaAs/Al0.3Ga0.7As quantum ring structure
calculated by Comsol Multiphysics®.
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C. ENERGY-DISPERSIVE X-RAY SPECTROSCOPY SPECTRA OF GOLD AND
SILVER NANOPARTICLES

Figure C.1 Energy-dispersive X-ray spectra of Au and Ag nanoparticles. The corresponding
SEM images are shown on the right side. The green crosses in the SEM images indicate where
the spectra were taken.
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D. SCATTERING CROSS SECTION MAPPING OF GOLD AND SILVER
NANOPARTICLES IN GAAS MATRIX AS A FUNCTION OF THE INCIDENT
LIGHT WAVELENGTH AND PARTICLE SIZE

Figure D.1 Scattering cross sections of (a) Au and (b) Ag nanoparticles as a function of the
incident light wavelength and particle size. The cross sections are calculated for spherical
nanoparticles in the GaAs matrix using Mie’s theory and normalized to the geometrical particle
cross sections.
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